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EDITORIAL 


Societies can combat harassment 


magine a student presenting a poster at a scientific 
meeting, thrilled when a senior scientist stops by to 
view the work. Chances are good, given the continu- 
ing underrepresentation of women at senior levels 
of academia, that the senior scientist is male. If the 
student is also male, he likely has no doubt that the 
senior scientist wants to learn more about the re- 
search. If the student is female, she may wonder: Does 
he want to get acquainted with my work, or me? This is 
the scenario that Meg Urry of Yale University, current 
president of the American Astronomical Society, posed 
during a session on “For- 
ward Focused Ethics—What 
is the Role of Scientific Soci- 
eties in Responding to Ha- 
rassment and Other Work- 
place Climate Issues?” at the 
Fall Meeting of the Ameri- 
can Geophysical Union in 
December 2015. 

Scientific societies have 
an intrinsic responsibility 
in this regard. They spon- 
sor meetings, workshops, 
conferences, field trips, and 
other offsite events that 
place scientists in close 
proximity for long hours in 
unfamiliar settings. Urry, 
who spoke out on the re- 
sponsibility of scientific so- 
cieties for taking action in 
the wake of the Geoff Marcy 
scandal, and other session 
speakers and panelists had 
excellent suggestions for 
promoting an environment free of harassment. Scientific 
societies need to widely disseminate policies that declare 
their intolerance for harassment of any sort. These must 
describe how violations of such policies can be reported, 
and to whom, and the process for investigating those 
violations. And societies should clearly prescribe what 
consequences could be levied against offenders: Inmedi- 
ate expulsion from the meeting? From future meetings? 
From the society? Ineligibility for honors such as fellow- 
ships and medals? Barred from publishing in society 
journals? Blocking offending scientists’ access to meet- 
ings, publications, and professional colleagues can be an 
effective means to limit professional advancement, espe- 
cially when the relevant institutional employer is slow or 
somehow prevented from taking concrete actions. (For 
the policy of AAAS, the publisher of Science, see http:// 


“Jt is always the student 
who pays the 
professional price...” 


meetings.aaas.org/program/code-of-conduct/.) 

Urry puts the responsibility squarely on senior scien- 
tists for the consequences of any personal relationships 
that develop with students, because it is always the stu- 
dent who pays the professional price if and when such 
relationships disintegrate. She suggested that unless the 
senior scientist is willing to change institutions to avoid 
an uncomfortable situation for the student if the rela- 
tionship dissolves, don’t get involved in the first place. 
Many universities expressly forbid any relationships be- 
tween professors and undergraduates. 

In the discussion after 
the presentations, several 
attendees, noting that the 
room was largely filled with 
women, asked what could be 
done to encourage more men 
to take leadership on ad- 
dressing harassment issues. 
Blair Schneider, president 
of the Association of Women 
Geoscientists (AWG),  of- 
fered that AWG looks for 
opportunities to bestow its 
awards on deserving men 
who are setting outstand- 
ing examples in educating 
and advancing the careers of 
women geoscientists. 

Perhaps the most disturb- 
ing comment came from 
a foreign student studying 
in the United States who 
described an incident of 
unwanted attention from a 
senior colleague. She availed 
herself of her institution’s formal channels to raise a 
complaint, only to be told that she must have misinter- 
preted her senior colleague’s behavior on account of her 
unfamiliarity with the country’s language and culture. As 
her command of English was excellent, she asked if she 
should record future interactions to prove her claims. 
The response was that it would be illegal. This experi- 
ence illustrates the continuing battles that women face 
in getting their concerns treated seriously. 

Scientific societies are governed by scientists for 
scientists. Therefore, it is the responsibility of the offi- 
cers, board, and council members of scientific societies 
to make sure that policies and procedures are in place 
to combat harassment in all forms during all society- 
sponsored events. 

- Marcia McNutt 


Marcia McNutt 
Editor-in Chief 
Science Journals 


10.1126/science.aaf4216 
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3D printed body parts, large as life 


al r 


he outer contours of this freshly printed ear may look complex, 
but they're simple compared with the structure inside. The 3D 
manufacturing system that crafted it, called the “integrated 
tissue-organ printer” (ITOP), laces the artificial body parts with 
living cells, according to a study published on 15 February in 
Nature Biotechnology. Researchers have printed with live cells 
before, but until now they only made tiny pieces of gelatinous living 
material, both because large structures tended to collapse and because 
the cells inside tended to die from lack of oxygen. Thanks to two inno- 
vations, the ITOP can make life-sized body parts in which cells thrive. 
First, it interweaves a gooey, cell-friendly hydrogel with a stiffer sub- 
stance that offers structural support. Second, it leaves tiny channels 
for oxygen to enter so that cells in the middle won’t suffocate. When 
researchers implanted ITOP-generated bone, muscle, and cartilage into 
rats and mice, the printed materials developed blood supplies and in- 
ternal structures resembling those of natural tissue. The researchers 
are currently working with the Food and Drug Administration to set 
up human trials, with the ultimate goal of creating replacement body 
parts for people who need them, says Anthony Atala, a tissue engineer 
at the Wake Forest Institute for Regenerative Medicine in Winston- 
Salem, North Carolina, and one of the study’s authors. 
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46 Sleep well, little @Philae2014! 99 


ESA Science (@esascience), tweeting on 12 February, as scientists from the 
German Aerospace Center announced they'd given up hope of re-establishing 
contact with the comet lander, last heard from in July 2015. http://scim.ag/_Philae 


AROUND THE WORLD 
United against sexual harassment 


TEMPE, ARIZONA | An online statement 
against sexual misconduct in academia, 
written and circulated by three human 
evolution experts at Arizona State 
University, Tempe, has garnered about 
900 signatures since it was launched on 

9 February. The petition, inspired by 
recent cases of alleged sexual harassment 
in astronomy, biology, and anthropology, 
calls on those who sign it to make an “indi- 
vidual commitment” to “zero tolerance of 
sexual misconduct” and to publicly support 
its victims. Paleoanthropologist William 
Kimbel, anthropologist Katie Hinde, and 
paleoecologist Kaye Reed say that asking 
researchers to make an individual, public 
commitment to ending sexual miscon- 
duct will accelerate the cultural change in 
academia that many scientists believe is 
essential to enforcing zero tolerance poli- 
cies. “It is an easy thing to sign the form, 
but the power of the collective commit- 
ment of hundreds of signers is undeniable,” 
Kimbel says. http://scim.ag/harasspetition 


Karolinska head resigns 


STOCKHOLM | The vice-chancellor of the 
Karolinska Institute (KI) resigned last week 
in the wake of a scandal involving surgeon 
Paolo Macchiarini (Science, 5 February, 

p. 546). Anders Hamsten had dismissed 
misconduct charges against Macchiarini 
last year, but new attention to the case from 
a television documentary aired in January 
persuaded Hamsten that he had “com- 
pletely misjudged” the surgeon and that his 
decision in the case was likely wrong, he 
wrote in a newspaper commentary in which 
he also said he would step down (http:// 
scim.ag/Hamstenresig). The resignation came 
2 days after the Royal Swedish Academy 

of Sciences issued a statement saying it 

was worried that the credibility of Swedish 
science is at stake. “A number of short- 
comings and ethically indefensible working 
methods have been uncovered, leading to 

a crisis of confidence in Swedish medical 
research,” the 11 February statement said. 
The academy demanded a new, fully inde- 
pendent investigation and called for a 2011 
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The Lancet paper by Macchiarini, which 
detailed the first artificial trachea implant, 
to be corrected. It says it is establishing a 
separate committee to propose recommen- 
dations for clinicians and scientists working 
at the intersection between clinical research 
and medical care. http://scim.ag/Klscandal 


Panel recommends bite-mark ban 


HUNTSVILLE, TEXAS | The analysis of bite 
marks as a way to identify an attacker is 
unscientific and has no place in the court- 
room, a Texas commission made up of 
scientists, attorneys, and forensic practitio- 
ners ruled last week. The recommendation 
is the first of its kind in the United States, 
and arose from a 6-month review by the 
Texas Forensic Science Commission, a state 
agency that investigates allegations of neg- 
ligence of misconduct in crime labs. Some 
specialists have claimed that they could 
reliably identify who left a bite on a victim 
based on similarities to dental impressions 
from a suspect, despite a lack of scientific 
evidence; since 2000, bite-mark analysis 
has played a role in at least 25 convic- 
tions that were later reversed based on 
DNA evidence, according to the Innocence 
Project. The commission’s call to ban such 
testimony from trials is not legally binding, 
but is expected to influence judges and 
lawyers nationwide. 


CRISPR dubbed a WMD 


WASHINGTON, D.c. | “Genome editing” 
joins North Korea’s nuclear weapons pro- 
gram and Russian cruise missiles on a list 
of weapons of mass destruction released 
by U.S. Director of National Intelligence 
James Clapper last week. The worldwide 
threat assessment report from the U.S. 
intelligence community evokes fears that 
terrorists might harness increasingly cheap 
and efficient genome-editing techniques 
such as CRISPR to create “potentially 
harmful biological agents or products.” 
The U.S. public, meanwhile, registered its 
uneasiness about some of CRISPR’s poten- 
tial uses in a poll released on 11 February 
by Stat and Harvard University. Of 1000 
people surveyed, 65% thought it should be 
illegal to alter the genes of unborn babies 
to reduce the risk of serious diseases, and 
83% opposed such editing to improve 
“intelligence or physical characteristics.” 


U.K. allows animal-human chimeras 
LONDON | The United Kingdom has issued 
new guidelines for research that involves 
using human material in animals. The new 
rules say that it could be permissible for 
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Mary Somerville 
was an astronomer, 
mathematician, and 

science writer. 


Scottish astronomer will be first woman to appear on U.K. money 


stronomer Mary Somerville (shown), who lived from 1780 to 1872, was a pioneer 

in her field, studying math and science over the objections of her family and 

first husband, serving as the first female member of the Royal Astronomical 

Society, and contributing calculations that led to the discovery of the planet 

Neptune. Now, she’s set to be a pioneer in a different arena: Somerville will be 
the first woman, other than the queen of the United Kingdom, to appear on a Scottish 
banknote. Following a contentious Facebook vote that pitted her against two other 
Scottish scientists, physicist James Clerk Maxwell and civil engineer Thomas Telford, 
Somerville emerged victorious last week. Her likeness will appear on the Royal Bank 
of Scotland's £10 note in 2017. (Meanwhile, Jane Austen is set to appear on the Bank 
of England’s £10 note next year.) 
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researchers to insert human cells into ani- 
mal embryos, if they clear multiple levels 
of ethical and scientific review by local and 
national regulators. Several researchers 
have said they would like to try to grow 
human organs in animal bodies using such 
techniques. The U.S. National Institutes of 
Health said last year that it would not fund 
such research while it reconsidered the 
ethical implications of the work (Science, 
16 October 2015, p. 261). 


FINDINGS 
Nanobubble pops kill cancer cells 


Clusters of gold atoms known as nano- 
particles can detect and kill cancer cells 
left behind after tumor-removal surgery, 
researchers report online this week in 
Nature Nanotechnology. Scientists have 
previously shown that when nanoparticles 


Clusters of gold 
nanoparticles on 
a cancer cell. 


794 19 FEBRUARY 2016 * VOL 351 ISSUE 6275 


Battling Zika in Brazil 


s part of a campaign to limit Brazil's ongoing Zika outbreak, 

President Dilma Rousseff took aim at mosquitoes carrying 

the virus, spraying larvicide on 13 February in a Rio de Janeiro 

neighborhood. Three days earlier, scientists reported in two 

separate papers that they had found Zika virus in the brains of 
several infants with microcephaly, bolstering suspicions that the virus 
causes the birth defect (http://scim.ag/Zikamicro). The babies’ mothers 
had symptoms of Zika early in their pregnancies, but had recovered. 
The researchers also found the virus in placental and fetal tissues from 
two women who miscarried after suffering symptoms of Zika infection. 
The findings strengthen the case for a link between the virus and an 
observed increase in microcephaly incidence in Brazil. Brazil's ministry 
of health said on 12 February that it had confirmed 462 cases of micro- 
cephaly that might be linked to an infection during pregnancy, out of 
5079 suspected cases. Also last week, 30 journals and research funding 
organizations pledged to encourage wide sharing of Zika-related work, 
by making all Zika-related papers available for free and requiring grant- 
ees to share their data as rapidly and widely as possible. 


are injected into the bloodstream, they 
tend to seep out of vessels and congregate 
around tumors. The tumor cells engulf 

the nanoparticles—which act as Trojan 
horses. Researchers hit the gold atoms 
with infrared laser light, and the particles 
heat up and kill the cancer cells. But this 
can also damage healthy tissue. In the new 
study, scientists showed they could focus 
the heat damage on the cancer cells by 
decorating the nanoparticles with immune 
protein antibodies that latch onto receptors 
on the surface of human squamous cells 
implanted in mice. This not only prevented 
the heat from damaging healthy cells, but 
also increased temperatures around the 
clusters, vaporizing nearby water mol- 
ecules; the bursting bubbles ripped apart 
the cancer cells. The researchers are now 
designing a clinical trial that could begin 
testing the therapy in humans in the next 
2 years. http://scim.ag/explodenanobub 


NEWSMAKERS 
Pachauri in hot water again 


The former chair of the International 
Panel on Climate Change (IPCC), Rajendra 
Pachauri, was already facing charges of 
sexual harassment made against him in 
February 2015 by a former co-worker. Last 
week, a second former co-worker made 

a fresh set of allegations, on the heels of 

a media storm surrounding Pachauri’s 
promotion from director-general of The 
Energy and Resources Institute (TERI) in 
New Delhi, where he has been since 2001, 
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Brazilian President Dilma Rousseff (at far left) launched a national campaign 
to fight the Zika virus on 13 February. 


to its executive vice chairman. Pachauri 
denied last year’s allegations and stepped 
down from IPCC (Science, 27 February 
2015, p. 931). Although an internal TERI 
investigation concluded that his alleged 
actions constituted harassment, the 
institute has taken no disciplinary action 
against him. But last week, a second for- 
mer TERI employee released a statement 
alleging that Pachauri repeatedly sexually 
harassed her from 2003 to 2005. Pachauri 
is on voluntary leave from TERI, he told 
Science in an email. “I have a large amount 
of writing to do, which is the reason for 
this decision, and I would also focus on 
several other pending matters,” he wrote. 
http://scim.ag/Pachauripromotion 


McNutt elected to head NAS 


Marcia McNutt, editor-in-chief of Science, 
has been elected president of the U.S. 
National Academy of Sciences (NAS). 

She begins her 6-year term in July, suc- 
ceeding Ralph Cicerone, who is stepping 
down after 12 years as president. A 
geophysicist, McNutt was director of the 
U.S. Geological Survey from 2009 to 2013 
during the first Obama administration. 
Before that she had been chief executive 
of the Monterey Bay Aquarium Research 
Institute in California. Her election was a 
foregone conclusion after the NAS govern- 
ing council put her name forward last 
July, as she faced no opposition in a vote 
by the NAS membership (Science, 10 July 
2015, p. 123). A search is underway for her 
successor at Science. 
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2016 Annual Meeting 


he AAAS (which publishes Science) Annual Meeting, held in 
Washington, D.C., from 11 to 15 February, drew thousands of partici- 
pants, including scientists, journalists, and visitors to Family Science 
Days activities. Here are some highlights from the meeting; for more 
AAAS coverage, including reports from sessions and interviews with 
scientists, visit http://scim.ag/aaas2016. 


before been noticed. Such 3D scans 
will help archaeologists preserve heritage 
in politically unstable regions, Collins 
says, while also allowing students and 
researchers around the world to access 
a piece of history. 


Toward a better bug light 


Choice of light bulb matters when it 
comes to keeping flying pests away from 
the veranda on a summer evening, finds 
a study that compared insect traps out- 
fitted with six major types of commercially 
available lights, including traditional 
incandescent bulbs, LED bulbs that emit 
warm and cold colored light, and yellow 
tinted “bug lights” marketed as being 
less attractive to insects. In one summer, 
researchers collected and catalogued 8887 
insects and spiders from a neighborhood 
in Appomattox, Virginia. Incandescent 
bulbs brought in the largest insect haul, 
averaging about eight per hour. The bug 
lights and warm-colored LEDs were 
roughly tied for least attractive, at about 
4.5. But bug lights had a downside—two 
insect orders found them more entic- 

ing than the warm LED: Hemiptera, 
which includes so-called “stink bugs,” and 
Dermaptera, better known as “earwigs.” 


Preserving sites with 3D scans 


Historical sites around the world are 
threatened by weathering, as well as pol- 
lution, vandalism, and even terrorism. 
Last year, a structure protecting a 2.5- 
millennia-old Olmec altar in Chalcatzingo, 
Mexico, burned down, exposing the 

altar to the elements. Repairing the site 
would have required guesswork—had 
researchers not scanned and digitized it 
3 years earlier using 3D laser scanning 
technology. Along with a team of Mexican 
archaeologists working to preserve 


Keen students on one wavelength 


Teachers who wonder whether their class is 
engaged could one day be able to find out— 
by checking how synchronized their brain 
waves are with one another. Neuroscientist 
Ido Davidesco of New York University in New 
York City and colleagues logged the neural 
activity of 12 high school students and their 
teacher with electroencephalography head- 
sets over 11 classes. Not surprisingly, patterns 
of brain activity were more similar when 
students were all focused on the same task. 
But the researchers also found that when 

a student reported being more engaged, 

the frequency of their brain waves better 
matched the group. Activities the students 
liked more—group discussions and videos 
versus a lecture or being read to aloud— 
seemed to put them more in sync. 


Biologists worry that a deadly fungus 
devastating European salamanders may 
reach the United States, threatening 
native species such as this red eft. 


The race to keep an amphibian-killing fungus out of the U.S. 


wo years ago, scientists first described the deadly fungus Batrachochytrium 
salamandrivorans, or Bsal, which wiped out the fire salamander population in 

the Netherlands. Now, U.S. scientists are fighting to keep the fungus out of the 
United States, which has the world's largest biodiversity of salamanders—and 
the best way to do that is by restricting the salamander pet trade, said amphibian 


the Chalcatzingo site, archaeologist 

Lori Collins of the University of South 
Florida in Tampa and her team digitally 
deconstructed the 3D model of the altar 
into individual rocks. They were able to 
map out each piece—and this week, on- 
the-ground archaeologists are working 

to reconstruct the site exactly as it was 
before the fire. Thanks to their meticulous 
digitization work, the team even found 
details in the rock carvings that had never 
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biologists speaking at the annual AAAS meeting in Washington, D.C., last week. Last 
month, the U.S. Fish and Wildlife Commission banned the import of 201 species of 
salamander into the United States, as well as between state boundaries. Bsal, which 
likely originated in Asia, is a sister species of the Bd fungus that has caused declines 
and extinctions in multiple amphibian species around the globe. Both cause chytridio- 
mycosis, which eats away at the skin of amphibians. Those extinctions ripple through 
ecosystems, said Karen Lips, an ecologist at the University of Maryland, College Park, 
at the meeting; among other ecosystem services, amphibians can help control insect 
populations, including mosquitoes that spread diseases such as Zika and dengue 
fever. http://scim.ag/Amphfungus 
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LIGO spotted waves 

from a pair of black holes 
(simulated here) with, 

unusually high masses. 


Gravitational waves serve up a mystery 


Astrophysicists puzzle over the strange black holes that produced LIGO’s signal 


By Adrian Cho 


or decades, physicists had claimed 
that the detection of gravitational 
waves—ripples in spacetime set off 

by ultraviolent astrophysical events— 
would usher in a new type of astron- 

omy and reveal new wonders. That 

was the rationale for spending more than 
$1 billion on the Laser Interferometer 
Gravitational-Wave Observatory (LIGO)—a 
duo of detectors in Hanford, Washington, 
and Livingston, Louisiana. Last 
week LIGO fulfilled on that 
promise, say astrophysicists, de- 
livering both the first detection 
of a signal and a stellar surprise. 
The gravitational waves spot- 
ted by the recently upgraded 
machines (Science, 12 February, 


holes or detected “stellar mass” black holes 
so heavy, astrophysicists say—and they are 
hard to fit into current theory. 

“Tm sure that in the next few months there 
will be 100 papers about the evolution path- 
ways” of such a pair, predicts Ira Wasserman, 
a theorist at Cornell University. Jeffrey 
McClintock, an astrophysicist at the Harvard- 
Smithsonian Center for Astrophysics in Cam- 
bridge, Massachusetts, says that spotting 
merging black holes was LIGO’s ultimate 
goal, and seeing them immediately “exceeds 


A gravitational wave detector network 


As new detectors come online, physicists should be able to measure the polariza- 
tion of gravitational waves and pinpoint sources in the sky. 


p. 645) were predicted by Albert e GEO600 
Einstein, whose general theory e LIGO Hanford Virgo* 
of relativity says that spacetime eLIGO Livingston 


is a bendy thing and that gravity 
comes about when massive ob- 
jects warp it. Computer models 
showed that LIGO’s signal came 
from two black holes, 29 and 
36 times as massive as the sun, 
spiraling together 1.3 billion 
light-years away. No one had 
ever seen a pair of orbiting black 
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all expectations for new, new, new. ... What 
more do you want, mermaids?” 

A black hole can form when a huge star 
burns out and collapses to a point, leaving 
behind a gravitational field so strong near 
the point that not even light can escape. 
That field is the black hole, and thanks to 
Einstein’s equivalence of energy and mass, 
E=mc’, it has a mass. Astrophysicists have 
spotted stellar-mass black holes mostly 
in our galaxy by searching for systems in 
which a black hole consumes a companion 
star. From the motion of the star 
and the gas streaming into the 
black hole, researchers have de- 
duced that the heaviest of them 
weighs about 15 times as much 
as the sun, McClintock says. 
(Much heavier black holes, with 
masses of millions of suns, lurk 
at the heart of our galaxy and 
many others.) 

A star big enough to produce 
a 30-stellar-mass black hole 
would have to be very unusual. 
That’s because any huge star 
peppered with elements heavier 
than helium will lose weight as 
it burns out. Ions of oxygen, cal- 
cium, and iron will absorb the 
star’s light, which will blow the 
ions and most of the star’s mass 


KAGRA 
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into space. “If you start with a 40-solar-mass 
star, by the time of collapse it’s down to 
10 solar masses,” McClintock says. 

One possibility is that the stars formed 
very early, when the universe was a couple 
billion years old and contained only hydro- 
gen and helium. (Heavier elements were 
forged later, in supernova explosions.) But 
giant stars burn out in a few million years, 
Wasserman says, and it’s hard to imagine 
how the black holes they spawned would 
have hung around for billions of years be- 
fore spiraling together. McClintock leans to- 
ward a second explanation: The stars were 
born more recently, in dwarf galaxies like 
the Large Magellanic Cloud that are lower 
in heavy elements than the Milky Way is. 

LIGO should be able to determine which 
scenario is correct, says Vicky Kalogera, an 
astrophysicist and LIGO team member at 
Northwestern University in Evanston, Illi- 
nois. In the next 2 or 3 years, LIGO could 
spot dozens of black hole mergers, she says. 
How far away and, hence, how old they are 
should reveal which formation scenario hap- 
pened more often. “It’s not one or the other,” 
Kalogera predicts. LIGO should also be able 
to measure merging black holes’ spins. If the 
spins are aligned, Kalogera says, the black 
holes probably formed from stars that al- 
ready orbited each other; otherwise, they 
formed separately and hooked up later. 

Even sooner, LIGO could test Einstein’s 
theory of gravity, general relativity, in 
new ways. For example, says Clifford Will, 
a theorist at the University of Florida in 
Gainesville, just as light waves can be polar- 
ized horizontally or vertically, gravitational 
waves can wriggle in various more complex 
polarization patterns or modes. General rel- 
ativity predicts that gravitational waves will 
have just two distinct polarization modes. 
But some alternative theories of gravity 
predict as many as six. Because of the way 
they're aligned, LIGO’s detectors can’t de- 
termine the waves’ polarization, Will says. 
But they should be able to do it with the 
help of the upgraded Virgo detector near 
Pisa, Italy, scheduled to restart later this 
year. “If any other modes were detected, 
that would be bad news for general relativ- 
ity,’ Will says. 

Farther down the road, LIGO researchers 
hope to greatly improve their ability to pin- 
point sources in the sky by adding a fourth 
detector to the LIGO-Virgo network, in India 
(Science, 14 February 2014, p. 717). Scientists 
also hope to launch a space-based detec- 
tor array, which could sense much lower 
frequency waves from objects such as stars 
circling the massive black hole in the heart 
of our galaxy (Science, 20 November 2015, 
p. 894). But well before then, gravitational 
wave astronomy may pay early dividends. ™ 
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The scientist who spotted the fateful 
signal—and let the cat out of the bag 


By Adrian Cho 


f the more than 1000 physicists working with the Laser Interferometer 

Gravitational-Wave Observatory (LIGO), the first to see the long-awaited 

sign of gravitational waves was a soft-spoken postdoc who plays classical 

piano and has published two fantasy novels. Marco Drago, a 33-year-old 

native of Padua, Italy, was at his office at the Max Planck Institute for 
Gravitational Physics in Hanover, Germany, where 30 members of the LIGO 
team work on data analysis. Drago oversees one of four data “pipelines” that 
automatically comb the raw data from LIGO’s detectors in Hanford, Washington, 
and Livingston, Louisiana, for promising signals. 

On 14 September 2015, while Drago was on the phone with a colleague, his pipe- 
line sent him an email alert telling him that both LIGO detectors had registered 
an “event” (a nonroutine reading) 3 minutes earlier, at 11:50:45 a.m. local time. It 
was a big one, with a signal-to-noise ratio more than twice as high as usual, Drago 
says. At first, he didn’t believe the signal was real—and with good reason. To test 
the detectors, LIGO physicists have developed a system to “inject” artificial signals, 
and the signal seemed too good to be true. “No one was expecting something so 
huge,” Drago says, “so I was assuming that it was an injection.” 

Tf all had gone as planned, Drago would have carried on thinking just that. 
However, the story veered off-script. LIGO researchers perform injections in 
two ways: openly when they tune up the machines and secretly when they are 
taking data. Those “blind” injections are supposed to prevent team members 
from knowing whether a signal is real or not. Only four LIGO leaders know 
when they’re made, and they reveal that information only after a signal has 
been written up for publication. That’s how things unfolded in 2010, when LIGO 
physicists learned at the last minute that a tantalizing signal was in fact a blind 
injection (Science, 15 March 2013, p. 1260). 

This time, however, LIGO physicists were still reviving their machines after a 
5-year upgrade, and Drago knew that the injection system was supposed to be 
off. He wondered whether he had misunderstood and someone had performed 
an open injection and perhaps failed to record it. Drago asked his fellow postdoc 
in Hanover, Andrew Lundgren, to check. Lundgren found no evidence of an 
injection. Next, Drago and Lundgren called the control rooms in Livingston and 
Hanford, where it was the small hours of the morning, to see whether anybody 
had monkeyed with the detectors or noticed anything unusual. Drago reached 
only one of them—“Livingston, I think,” he says—but was told all was normal. 

Finally, about an hour after receiving the alert, Drago broadcast an email to 
the entire LIGO collaboration. “I asked if anybody was aware of anything that 
could be an injection,” Drago says. Nobody said yes. But now everybody in the 
collaboration knew that the instruments had seen a whopping big signal that on 
the face of it could not be a blind injection—exactly what they were not sup- 
posed to know. A few days later, LIGO leaders sent around a notice saying that 
the signal probably was not an injection. 

On 18 September 2015, LIGO switched to data-taking mode. A press release said 
the hunt for gravitational waves had resumed, but researchers were collecting data 
primarily to validate the signal they already had, says Gabriela Gonzalez, a physi- 
cist at Louisiana State University, Baton Rouge, and spokesperson for the LIGO 
scientific collaboration. By 5 October 2015, they had enough data to estimate the 
signal’s statistical significance. The team even spent weeks investigating whether 
the signal could have been a prank before writing up the results. 

Meanwhile, word of the discovery leaked out on social media and theorists’ 
blogs. Gonzalez says it was stressful addressing—or ignoring—inquiries, espe- 
cially from the press. “It’s been a lot of pressure, answering to people, not 
answering to people,” she says. “But we never lied.” & 
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U.S. FUNDING 


Pitching science: A history of 
Obama's research budgets 


Economy, politics shape outcome of an uneven record 


By Jeffrey Mervis 


even years ago, in his first bud- 

get request to Congress, President 

Barack Obama sought to double 

spending on cancer research and 

to create a cluster of energy inno- 

vation hubs. Last week, in his final 
budget, Obama proposed a “moonshot” to 
fight cancer and urged legislators to fund 
a massive investment in clean energy and 
transportation research. 

Déja vu? Not really. Support for bio- 
medical and energy research have been two 
consistent themes for Obama throughout his 
presidency. But the president doesn’t get to 
call all the shots. The fate of science funding 
during his presidency has been shaped by 
difficult economic conditions and the rise of 
a powerful conservative faction in Congress 
bent on slowing the growth of government 
spending. Still, it seems fair to ask: What do 
those annual spending blueprints say about 
Obama’s strategy and tactics as scientific 
salesman-in-chief? 

Presidential science adviser John Holdren 
is fond of saying that, when it comes to sci- 
ence, “this president gets it.’ And although 
many research advocates generally agree, 
they have often been disappointed that 
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Obama’s requests for major science funding 
agencies, including the National Institutes 
of Health (NIH) and the National Science 
Foundation (NSF), haven’t contained the 
steady and predictable growth that aca- 
demic leaders say is essential to preserve 
U.S. leadership in science. Instead, the num- 
bers have fluctuated from feast to famine. 
Obama took office in January 2009 with 
the political winds at his back. The election 
had handed Democrats the White House 
and majorities in both houses of Congress. 
And facing the worst eco- 
nomic crisis since the Great 
Depression, legislators 
moved quickly to approve 
the American Recovery and 
Reinvestment Act, a massive 
economic stimulus package 
that arguably was the bud- 
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President Barack Obama with science adviser John 
Holdren in October 2009 during the first-ever White 
House Astronomy Night. 


the U.S. National Academy of Sciences in 
April 2009 that he would boost the nation’s 
investment in research above 3% as a frac- 
tion of its gross domestic product—a record 
level. He pledged to do it “through policies 
that invest in basic and applied research, 
create new incentives for private innova- 
tion, promote breakthroughs in energy and 
medicine, and improve education in math 
and science.” 

But a few weeks later, in his first bud- 
get request, Obama offered researchers a 
mixed message. The good news included an 
8.5% boost in 2010 for the $6 billion NSF. 
His pledge to double cancer research over 
8 years, however, was shoehorned into 
just a 1.5% increase for the $30 billion 
NIH. Still, Congress largely followed the 
White House’s lead and even sweetened 
the pot, giving NIH $1 billion more than 
Obama’s request. 

But that fast pace slowed dramatically. 
The administration was facing rising po- 
litical pressure to curb a federal deficit 
that had soared past $1 trillion. Obama’s 
response was a promise to freeze domestic 
spending for at least 3 years. Still, his 2011 
request, submitted in February 2010, sought 
increases in a number of areas, including for 
several research agencies. 

The freeze meant that Democratic leg- 
islators would have to cut something else 
to bolster research, however. The resulting 
deadlock stretched into the 2010 elections— 
which delivered a game-changing setback to 
the White House, as Republicans won con- 
trol of the House of Representatives. 

The new majority quickly proposed mas- 
sive cuts in all federal spending, including 
research. Republicans eventually relented, 
but by the summer the White House and 
Congress had agreed to do something po- 


President proposes, Congress disposes 


Obama's requested levels for basic and applied research have waxed and 
waned even before Congress took final action. 


getary high point for science 
in the Obama presidency. 
It contained more than 
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O President's request 
© Appropriated 


$20 billion in short-term 
research grants and shovel- 
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ready scientific facilities for 
NIH, NSF, and half a dozen 
other research agencies. 
Fresh from that victory, 
Obama told members of 
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tentially even more damaging to science 
budgets: Reduce the federal deficit by 
$1.2 trillion over 10 years. A failure to agree 
on how to make the necessary spending re- 
ductions would trigger deep, automatic cuts 
known as sequestration. 

Despite repeated predictions from all 
sides that sequestration would never hap- 
pen, the cuts went into effect in March 2013. 
Continued wrangling over the budget led to 
a 16-day government shutdown in October 
2013 before lawmakers agreed to temporar- 
ily ease the spending caps. 

Even before sequestration took effect, 
however, Obama revived a strategy first ad- 
opted by the George W. Bush administration 
to make the case for higher research spend- 
ing. His 2014 budget request sought double- 
digit increases for three agencies that fund 
the physical sciences—NSF, the Department 
of Energy, and the National Institute of 
Standards and Technology—in an effort to 
catch up with the pace of NIH’s increases 
from 1998 to 2003, when its budget was 
doubled. But final appropriations fell far be- 
low the request. 

Obama switched strategies again in his 
2015 request, proposing minuscule in- 
creases for the major research agencies as 
a demonstration of fiscal restraint. The re- 
quest also included a gimmick—a so-called 
“opportunity budget” designed to show 
what the United States could achieve in re- 
search and other areas if the spending caps 
were lifted. Lawmakers essentially ignored 
the aspirational budget but did approve 
modest increases for research. 

The 2016 request contained healthier 
increases. But the budget process largely 
ground to a halt until the two sides nego- 
tiated a 2-year budget deal last December 
that paved the way for research spending 
increases even greater than Obama had pro- 
posed. Most notably, legislators doubled his 
$1 billion requested increase for NIH. 

Last week, Obama threw in a new twist: 
spending an additional $4 billion on re- 
search through, for example, proceeds from 
the sale of government assets or from spe- 
cific taxes or license fees. Such “mandatory 
spending” isn’t usually on the table in the 
annual appropriations process, and the Re- 
publican majority in Congress immediately 
labeled the maneuver another gimmick. The 
fate of the president’s 2017 budget request 
won't be known until lawmakers finish their 
work on spending bills, possibly not until 
after the November election. 

As Obama prepares to walk off the po- 
litical playing field for the last time, his 
scientific legacy remains up for grabs. 
The community cheered his intentions. 
But it’s still weighing the effectiveness of 
his approach. @ 
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Barcoding the brain 


IARPA funds effort to map synaptic connections 


By Emily Underwood 


bout 5 years ago, neuroscientist Tony 
Zador saw a slide at a scientific meet- 
ing that changed the course of his ca- 
reer. It showed a slice of mouse brain 
tissue containing a bright rainbow 
of neurons. 
Under most micro- 
scopes, neurons nor- 
mally look gray and so 
densely packed as to 
be _ indistinguishable. 
But here each cell had 
been genetically engi- 
neered to produce a 
random, colorful fluo- 
rescent molecule. 
Zador was struck 
by an idea: If he 
could replace the 
half-dozen distinct 
colors with a label 
consisting of, say, 30 
random nucleotides— 
the building blocks 
of RNA and DNA— 
he could give unique 
barcodes to an almost 
infinite number of 
neurons. Then, if he 
also found a way to 
chemically link bar- 
codes together across 
synapses, Zador could 
use high-throughput 
gene sequencing to 
build a_ synapse-by- 
synapse map of 
brain connections—a 
goal dear to neuro- 
scientists who want 
to understand how 
the brain’s intricate 
wiring underlies its 
functions. Unlike existing brain-mapping 
methods, the process could be thorough, 
accurate, and fast. 
Now, after a decade-long “slog” and 
a marriage with another technology for 
tracking the barcodes in intact brain tissue, 
the researcher at Cold Spring Harbor Labo- 
ratory in New York believes the technique 
is ready for prime time. “A lot of individual 
steps and problems needed to be solved,’ 
says Ed Callaway, a neuroscientist at the 
Salk Institute for Biological Studies in San 
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Inserting unique nucleotide barcodes 
(fluorescent dots, above) in neurons allows 
scientists to map cell networks in intact 
brain tissue. 


Diego, California. But the refined version 
“could, in one shot, get all [the connections 
of] a single [mouse] brain.” 

The U.S. government is placing a large 
bet on Zador’s method. As part of a project 
led by molecular engineer George Church 
of Harvard University, the technique was 
selected last month to 
receive a $21 million, 
5-year brain mapping 
grant, one of six new 
projects under the 
Machine Intelligence 
from Cortical Net- 
works, or MICrONS, 
program, sponsored 
by the Intelligence 
Advanced Research 
Projects Activity 
(IARPA). Part of the 
U.S. Brain Research 
through Advancing 
Neurotechnologies 
initiative, launched 
at President Barack 
Obama’s request in 
2013, MICrONS aims 
to map every neuron 
and synaptic connec- 
tion within a 1-cubic- 
millimeter chunk of 
tissue from the mouse 
visual cortex. Ulti- 
mately, IARPA hopes 
those detailed brain 
connection maps will 
help scientists design 
computer architec- 
tures able to perform 
tasks that are easy 
for a brain but out 
of reach for artificial 
intelligence: recogniz- 
ing a person or object 
from many different 
angles after seeing it only once, for example. 

In an earlier version of his method, 
Zador and his team mapped neural connec- 
tions in mice by injecting viruses encoding 
nucleotide barcodes into their brains. They 
would then use a custom-designed chemi- 
cal to join and extract the paired barcodes 
on either side of a synapse from the post- 
mortem brain. Although the technique 
could reveal which neurons were connected 
to other neurons, fine spatial information 
about where cells were located was lost be- 
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cause they had to mash up the brain tissue 
to extract the barcodes, Zador says. “It was 
a brain-in-a-blender approach,” R. Jacob 
Vogelstein, the IARPA program manager who 
runs the project in McLean, Virginia, says. 

The companion technique, developed 
by Church, solves that issue by allowing 
Zador to read the barcodes without the 
need to extract them from the brain. The 
technique, called FISSEQ, applies washes 
of different fluorescent molecules to the 
tissue. Each molecule links to specific nu- 
cleotides, so successive washes cause each 
“letter” in a barcode to light up one at a 
time, like a series of brightly colored Christ- 
mas lights. An optical microscope captures 
the sequence: If a barcode in a given cell is 
ATGGCG, for example, the sequence of col- 
ors might be red-yellow-green-green-cyan- 
green, Zador says. When barcodes from 
two different cells show up within a syn- 
apse’s distance of each other, a computer 
program infers that those two neurons are 
connected, Zador says. 

Zador and Church predict their joint 
technique can extract the connectivity of 
a cubic millimeter of mouse brain tissue 
in days or weeks—not the months or years 
typical of electron microscopy. But hurdles 
remain, Zador says. Injecting the viruses 
does not guarantee that 100% of neurons 
receive only one unique barcode apiece. To 
address that problem, Church is now work- 
ing on a way to genetically engineer mice to 
express random RNA sequences, barcodes, 
in their neurons during development. 

Though he supports the general direc- 
tion of the project, Karel Svoboda, a neuro- 
scientist at Janelia Research Campus in 
Ashburn, Virginia, is skeptical that the 
barcoding strategy or its main competi- 
tor, improved electron microscopy, can 
fulfill [ARPA’s lofty ambitions. He suspects 
the mapping will contain too many errors. 
And Svoboda questions the premise of 
MICrONS. Given that most important 
brain functions are distributed across sev- 
eral brain regions, devising useful or fun- 
damental neural computations based on 
the connection maps of a cubic millimeter 
of cortex is “a pipe dream, in my opinion,” 
he says. 

Vogelstein is more optimistic. If the 
brain has stereotypical rules that govern 
cortical circuitry, a cubic millimeter is “a 
sufficiently large chunk” of brain tissue 
that it should give a good picture of how 
neurons are wired to perform complex 
computations. “We believe and hope that 
there is this modularity,’ he says—indeed, 
“all of neuroscience is banking on it.” If 
not? MICrONS may be the first to produce 
“solid evidence” of that disappointing fact, 
Vogelstein says. & 
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GENOMICS 


Pocket DNA sequencers make 
real-time diagnostics a reality 


Advances in accuracy of nanopore sequencing help pave 
the way for on-the-spot DNA tests 


By Elizabeth Pennisi 


ot so long ago, sophisticated DNA 

sequencing required massive equip- 

ment and lots of time and money. 

Now, relatively cheap, pocket-sized 

devices are on the verge of giving 

real-time sequencing abilities to the 
masses. These so-called nanopore sequenc- 
ers, produced so far by a single company, 
have suffered from poor accuracy. But this 
month, researchers reported that the instru- 
ments passed an important field test, con- 
ducting on-the-spot sequencing of viruses 
isolated from patients during last year’s 
Ebola epidemic in West Africa. In the lab, 
meanwhile, other researchers are tweaking 
sample preparation and data analysis to 
boost the devices’ accuracy and speed. Real- 
time analyses of pathogens and the rest of 
life are within reach, they say. 


technique allows DNA strands thousands of 
bases long to be decoded in a single pass, 
without the delay and effort needed to piece 
together many short reads. 

The idea is more than 25 years old, and 
it has been 4 years since Oxford Nanopore 
announced that it had used its prototype 
nanopore sequencer, called MinION, to de- 
cipher the DNA of a virus (Science, 4 May 
2012, p. 534). Yet academic researchers 
have complained that the sequencer did 
a poor job of naming the bases. “The first 
thing everyone knows about nanopore [se- 
quencing] is that it’s not very accurate at 
the per-read level,” says Rory Bowden, a ge- 
nomicist at the Oxford Genomics Centre in 
the United Kingdom. To make the correct 
“call” for each base, the nanopore data had 
to be combined with conventional sequenc- 
ing data pulled from databases (Science, 21 
February 2014, p. 829). 


Ecologists, public health officials, Over about the past 2 years, hundreds 
epidemiologists, food of labs have been trying 
safety officials, and out the MinION through 
many others may reap : an early access program 
the benefits. Nanopore “There’s goug to be run by the company and 
sequencing “is a point ° ° have made steady im- 
of departure in the way one of these things mm provements. Last month, 
DNA is sequenced on everyone's lab’ a for example, a team led 


this planet,’ says Mark 
Akeson, a _ molecular 
biologist at the Univer- 
sity of California, Santa 
Cruz, who developed some of the technology 
that makes this approach possible and who 
consults with and holds stock in Oxford 
Nanopore Technologies, the U.K. company 
that is commercializing the technology. “It’s 
democratizing sequencing.” 

To date, most sequencing works by build- 
ing a DNA strand complementary to the 
one being sequenced. The building blocks, 
or bases, must be chemically tagged so that 
they can be identified as they are added one- 
by-one to the new strand, and the technique 
yields many short stretches of sequence that 
have to be pieced together. The nanopore 
approach instead reads the bases more di- 
rectly, as a single strand of DNA is pulled 
through a microscopic pore. Each base in- 
terrupts an ionic current in the pore in a 
distinctive way that reveals its identity. The 
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Justin O’Grady, University of 


by Niranjan Nagarajan, a 
computational biologist 
at the Genome Institute 
of Singapore, reported a 
way to improve accuracy without modify- 
ing the sequencing process. His group uses 
the MinION to identify bacteria in a sample 
of, say, skin or stool. To distinguish bacterial 
species, researchers sequence all copies of a 
ribosomal gene called 16S in each sample, 
as each species has a unique version. But 
conventional sequencing methods yield just 
parts of the gene, sometimes not enough 
for a positive identification. The MinION 
can capture more, or all, of the gene, which 
should make species identification more pre- 
cise—if the sequences are accurate enough. 
To increase accuracy, Nagarajan’s strat- 
egy is to treat the DNA with a chemical that 
makes each 6S gene form a circle. Then he 
adds a special DNA-replicating enzyme that 
copies the circular DNA, creating strings of 
the same DNA repeated over and over. When 


sciencemag.org SCIENCE 


PHOTO: EUROPEAN MOBILE LAB/TOMMY TRENCHARD 


each string goes through the MinION’s pore, 
that 16S gene is sequenced multiple times. 
About six repetitions are enough to guar- 
antee each base is accurately identified, 
Nagarajan and his colleagues reported on 
27 January in a paper posted on bioRxiv, a 
preprint repository. 

The recent Ebola fieldwork depended on 
a different strategy for improving the Min- 
ION’s accuracy. Nicholas Loman, a microbial 
genomicist at the University of Birmingham 
in the United Kingdom, and his colleagues 
realized that they could extract further clues 
to a base’s identity from the change in ionic 
current as the base moves through the pore. 
“There is yet more data encoded in the elec- 
trical signature,’ notes Winston Timp, a 
biomedical engineer at Johns Hopkins Uni- 
versity in Baltimore, Maryland; for example, 
each base’s signature is influenced by the 
bases on either side of it. With a new com- 
puter program for analyzing these “squig- 
gles,” developed by Jared Simpson from 
the Ontario Institute for Cancer Research 
in Toronto, Canada, and Loman’s graduate 
student Joshua Quick, the team managed to 
sequence a bacterium in the lab with nano- 
pore data alone. 
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They then took their sequencer to West 
Africa, where they successfully sequenced 
148 Ebola virus genomes from patients, the 
group reported in the 3 February issue of 
Nature. Even under field conditions, they 
could complete a genome in 24 hours. “It 
means we can start taking public health 
measures based on genomic data,’ says 
microbiologist Andy Kilianski, a National 
Research Council fellow at the U.S. Army 
Edgewood Chemical Biological Center in 
Gunpowder, Maryland. 

Matthew Loose, a developmental and 
computational biologist at the University 
of Nottingham in the United Kingdom, is 
tweaking the data analysis as well, but his 
goal is to reduce the time wasted sequenc- 
ing unnecessary DNA. In 2014, Oxford Nano- 
pore suggested that the MinION could kick a 
piece of DNA out of a pore before it was fully 
sequenced by reversing the pore current. 
Loose and his colleagues have now worked 
out a way to predict from the first 250 bases 
moving through a pore whether that piece 
likely has already been sequenced, as they 
reported 3 February in a paper posted on 
bioRxiv. Sequencing “will be faster in the 
end because every single read that you get, 
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This pocket sequencer, used here during the Ebola 
outbreak in West Africa, read viral genomes from 
human samples. 


you want,’ says Justin O’Grady, a microbio- 
logist at the University of East Anglia in Nor- 
wich, U.K. Loose, who described his group’s 
latest work last week at the annual Advances 
in Genome Biology and Technology meeting 
in Orlando, Florida, hopes to get the number 
of bases needed to reject a strand down to 
64 or even 32. 

Several groups are working on other ways 
to increase efficiency of nanopore sequenc- 
ing for diagnostics by speeding up DNA 
sample preparation and sequence analy- 
sis. That’s important because “with Ebola, 
we knew what we were looking for,’ says 
Oxford Nanopore microbiologist Daniel 
Turner. “With [a typical] infection, you have 
no idea.” Kilianski’s team has in the works 
a MinION-based test that could go into the 
field and diagnose in a matter of hours RNA 
virus infections, including corona, dengue, 
Ebola, chikungunya, and Zika. 

And O’Grady and his team can now pin- 
point the cause of urinary tract infections 
in 4 hours, which will enable physicians 
to prescribe pathogen-specific antibiotics 
instead of broad-spectrum ones. “For me, 
nanopore is the only sequencing technology 
that gets us into the timeframe for action- 
able clinical diagnostics,” he says. 

Ideally, such tests should take less than 
an hour, O’Grady says. The latest MinION 
in the works could help; it passes 350 bases 
through the pore a second, up from 70. An 
even newer machine, the PromethION, in- 
tegrates 48 MinIONs for high speed. That 
may help address another drawback of 
nanopore sequencing: low throughput—the 
base-by-base output is fast, and the reads 
long enough to quickly assemble small mi- 
crobial genomes, but the overall amount of 
DNA that can be read by each MinION is 
fairly limited, which puts sequencing whole 
human genomes out of reach. It may also 
help for samples such as human blood, 
which have so much human DNA that the 
rarer pathogen’s genetic material stands a 
good chance of being missed unless the se- 
quencer can quickly and comprehensively 
process a sample. 

The improvements all point in one di- 
rection, says O’Grady, who has been given 
free access to Oxford Nanopore’s machine 
but has no financial stake in the company: 
“There’s going to be one of these things in 
everyone’s lab.” And one day, perhaps in 
everyone’s pocket, adds Camilla Ip of the 
Oxford Genomics Centre, who helped co- 
ordinate a multicenter evaluation of the 
MinION. “It will be like the mobile phone,” 
she predicts. 
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MICROBIOME 


The right gut microbes help infants grow 


Studies point the way to using microbial therapy to combat the lasting effects of poor nutrition 


By Elizabeth Pennisi 


Imost 180 million children across the 
globe are stunted, a severe, disabling 
consequence of malnutrition and re- 
peated childhood infections that puts 
them at risk for cognitive impairment 
and disease. New studies now point to 
another player in stunting: the gut microbi- 
ome. The right combination of microbes, it 
seems, can tip the balance between stunting 
and healthy growth, even when calories are 
scarce—a tantalizing, if preliminary, clue to 
possible interventions. 

The three studies, re- 
ported in this week’s issues 
of Science and Cell, “are a 
watershed moment in global 
health generally, and in 
nutrition specifically,’ says 
William Petri, Jr., an infec- 
tious disease expert at the 
University of Virginia in 
Charlottesville. Petri was 
not involved in the current 
work, but he has spent years 
tracking the health of in- 
fants in Bangladesh. He and 
others have been long been 
frustrated by the inability of 
dietary supplements to re- 
verse the negative effects of 
poor nutrition. 

When Petri heard that 
gut bacteria might influence 
obesity, he reasoned that they might also in- 
fluence a person’s response to hunger. So he 
and Tahmeed Ahmed from the International 
Centre for Diarrheal Disease Research in 
Bangladesh teamed up with Jeffrey Gordon, 
a microbiologist at Washington University in 
St. Louis in Missouri, to collect monthly fe- 
cal samples from healthy and malnourished 
Bangladeshi children under 2. Petri and Gor- 
don found that as children matured, their 
community of gut bacteria normally shifted 
as well. But as they reported in 2014, stunted 
children didn’t have the appropriate bacte- 
rial community for their age, but an “imma- 
ture” one more typical of a younger child. 

On p. 830, Gordon’s team reports find- 
ing the same pattern in infants in Malawi, 
and they present evidence that these mi- 
crobial communities influence growth. 
Working with mice bred to have no gut 
microbes of their own, Gordon’s graduate 
student Laura Blanton fed them a mash 
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of the same food typically eaten by Mala- 
wian children. Germ-free mice given the 
“immature” microbiomes of children with 
symptoms of malnourishment grew poorly, 
whereas mice on the same diet given “ma- 
ture” microbiomes of healthy children put 
on more muscle and developed seemingly 
denser bones. 

Francois Leulier, a biologist from the 
Ecole Normale Supérieure de Lyon in France 
and colleagues report a similar finding on 
p. 854. His postdoc Martin Schwarzer 
showed that young, germ-free mice don’t 


In Malawi, studies of infant growth—and undergrowth—are revealing a key role for microbes. 


put on as much muscle or grow bones as big 
as mice that have the normal complement 
of bacteria, even when they eat the same 
amount of food. The team also glimpsed a 
mechanism: They found that the microbes 
affect the animals’ own hormones. 

In healthy animals, growth hormone 
stimulates an increase in a second hormone, 
insulinlike growth factor 1 (IGF-1), which 
in turn promotes tissue growth. Germ-free 
mice still have the same amount of growth 
hormone as other mice, but the activity of 
IGF-1 in their blood, liver, and muscles is 
lower, Leulier’s team found. It’s not clear 
how the microbes influence the hormones. 
But injecting germ-free mice with IGF-1 
brought their growth on par with the other 
mice, as did giving them one particular 
strain of lactobacillus. 

A breakdown in this microbiome- 
hormone connection may help explain 
stunting in undernourished children. But 
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why do only some of them end up with an 
immature microbiome? In the Cell study, 
Gordon, graduate student Mark R. Char- 
bonneau, and their colleagues show that 
breast-feeding may help the right microbes 
get established and set the baby’s growth 
on the right trajectory. Healthy mothers 
typically produce modified sugar molecules 
called sialylated human milk oligosaccha- 
rides. Babies don’t make use of these nutri- 
ents, but their gut microbes thrive on them, 
recent research has shown (Science, 15 Au- 
gust 2014, p. 747). The new work shows that 
mothers of children who 
show signs of severe mal- 
nutrition make less of this 
microbiome “food.” 

When the researchers 
added oligosaccharides pu- 
rified from whey to the Ma- 
lawian diets of mice with 
microbes from a _ severely 
malnourished infant, the 
mice grew more muscle, 
bigger bones, and _ had 
quite “dramatic changes” in 
brain and liver metabolism, 
Gordon says. He speculates 
that by processing these 
sugars, the bacteria may 
in turn produce molecular 
building blocks to help the 
host’s body grow well. The 
group has also seen this 
beneficial effect in germ- 
free piglets, whose physiology is more hu- 
manlike than mice, they report. 

To David Relman, a microbiologist at 
Stanford University in Palo Alto, Califor- 
nia, the implications are “profound. ... The 
nutritional status of children might be 
modifiable through manipulation of the 
gut microbiota.” Gordon and Leulier plan 
to test that possibility in people, particu- 
larly malnourished children, this year with 
dietary interventions. 

A safe and effective probiotic “would be 
tremendous,” Petri says. Success in labora- 
tory animals may not translate to humans, of 
course. And researchers need to be sure that 
any added microbes don’t cause unwanted 
effects, such as inflammatory disease or obe- 
sity, adds Eric Pamer, an infectious disease 
expert at the Memorial Sloan Kettering Can- 
cer Center in New York City. But one thing is 
certain, he says: “The health-promoting im- 
pact of [these] microbiota is astonishing.” m 
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One of Webb’s gold-coated 
beryllium mirror segments is 
____ inspected before assembly. 
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The pressure is on the builders of the 
James Webb Space Telescope to ensure that 
NASAs $8 billion gamble pays off 


By Daniel Clery, in Greenbelt, Maryland 


or months, inside the towering 
Building 29 here at Goddard Space 
Flight Center, the four scientific in- 
struments at the heart of the James 
Webb Space Telescope (JWST, or 
Webb) have been sealed in what looks 
like a house-sized pressure cooker. A 
rhythmic chirp-chirp-chirp sounds 
as vacuum pumps keep the interior 
at a spacelike ten-billionth of an atmosphere 
while helium cools it to -250°C. Inside, the 
instruments, bolted to the 
framework that will hold 
them in space, are bathed in 
infrared light—focused and 
diffuse, in laserlike needles 
and uniform beams—to test 
their response. 

The pressure cooker is 
an apt metaphor for the 
whole project. Webb is the 
biggest, most complex, and 
most expensive science mis- 
sion that NASA has ever 
attempted, and expectations among as- 
tronomers and the public are huge. Webb 
will have 100 times the sensitivity of the 
Hubble Space Telescope. It will be able to 
look into the universe’s infancy, when the 
very first galaxies were forming; study the 
birth of stars and their planetary systems; 
and analyze the atmospheres of exoplanets, 
perhaps even detecting signs of life. “If you 
put something this powerful into space, who 
knows what we can find? It’s going to be 
revolutionary because it’s so powerful,” says 
Matt Mountain, director of the Association 
of Universities for Research in Astronomy 
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Sensors proved too fragile in 
testing, forcing a redesign. 


in Washington, D.C., and former JWST tele- 
scope scientist. Like that of Hubble, however, 
Webb’s construction has been plagued by 
redesigns, schedule slips, and cost overruns 
that have strained relationships with con- 
tractors, partners in Canada and Europe, 
and—most crucially—supporters in the U.S. 
Congress. Other missions had to be slowed 
or put on ice as Webb consumed available re- 
sources. A crisis in 2010 and 2011 almost saw 
it canceled, although lately the project has 
largely kept within its sched- 
ule and budget, now about 
$8 billion (Science, 24 April 
2015, p. 388). 

But plenty could go 
wrong between now and 
the moment in late 2018 
when the telescope begins 
sending back data from its 
vantage point 1.5 million 
kilometers from Earth. It 
faces the stresses of launch, 
the intricate unfurling of its 
mirror and sunshield after it emerges from 
its chrysalis-like launch fairing, and the pos- 
sibility of failure in its many cutting-edge 
technologies. Unlike Hubble, saved by a 
space shuttle mission that repaired its faulty 
optics, it is too far from Earth to fix. And not 
just the future of space-based astronomy, 
but also NASA's ability to build complex sci- 
ence missions, depends on its success. 

That’s why those instruments sat in God- 
dard’s pressure cooker for what is known 
as cryo-vacuum test 3 (CV3). And it is why 
Webb’s other components—including the 
mirror and telescope structure, the “bus” 
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BUILDING THE BIGGEST EYE IN SPACE 


Constructing a successor to the Hubble Space Telescope has been an epic undertaking involving more than 1000 people 
in 17 countries over 2 decades. As that effort reaches its climax, the telescope components face a complex series of tests 
to ensure that the telescope deploys—and works—perfectly. 
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Testing and technology 


Instrument module test 


Webb's instruments 
were tested three times 
inside a pressure vessel 
at Goddard to simulate 
the cold and vacuum of 
space. While inside, 
various forms of light 
were shone through the 


Telescope test 
The combined telescope and 
instruments will be tested in 
2017 inside the giant 
Chamber A at Johnson Space 
Center. Suspended from the 
Instrument module ceiling to reduce vibration, the 
telescope will look up at an 
artificial universe. 
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system 


Space environment 
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Vibration isolation mirror 
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Deployment in space 

Like a butterfly emerging from its cocoon, 

Webb will unfurl its components step by step 

onits way to its final orbit. 

Sunshield 


Sunshield 
pallet 
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Webb’s range Visible 
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6.5 meters wide and composed of 

18 hexagonal segments made of 
beryllium and coated with gold to reflect 
infrared light. Behind each mirror 
segment are actuators to accurately 
control its position and curvature. 


Secondary 
mirror 


Deployment 
of secondary 
mirror 
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Mirror 
backside 
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Thermal protection 


The heat of the sun would 
swamp faint infrared 


Solar 
Spacecraft 
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that will supply power and control the tele- 
scope, and the tennis court-sized, multilayer 
parasol that will help keep it cool—must 
undergo a gauntlet of testing, alone and in 
combinations, until the whole spacecraft is 
ready. For those on the inside, the strain will 
only increase as assembly continues, the tests 
get bigger and more comprehensive, and the 
spacecraft is launched into space. Only when 
Webb opens its eye and successfully focuses 
on its first star will the strain be released. 


IN THE MID-1990s, after Hubble had had 
its optics corrected and was busy revolution- 
izing astronomy, researchers began plan- 
ning its successor. The catch phrase 
in NASA at the time, championed 
by agency chief Daniel Goldin, was 
“faster, better, cheaper.’ Goldin chal- 
lenged NASA engineers and the as- 
tronomical community to come up 
with a follow-on that was cheaper 
than Hubble but bigger, with a mir- 
ror 8 meters across. He received a 
standing ovation when he described 
the plans to the American Astro- 
nomical Society in 1996. Whereas 
Hubble covered the whole range of 
visible light, plus a smidgen of ul- 
traviolet and infrared, the Next Gen- 
eration Space Telescope (as it was 
then known) would be a dedicated 
infrared observatory. 

For astronomers, the infrared 
spectrum was a beckoning frontier. 
Visible light from the most distant 
objects in the universe, the very first 
stars and galaxies that formed after 
the big bang, gets stretched so much 
by the expansion of the universe that 
it ends up in the infrared range by 
the time it reaches us. Many chemical 
signatures in exoplanet atmospheres 
also show themselves in the infra- 
red region. Yet Earth’s atmosphere 
blocks most infrared. Webb will give 
us “the first high-definition view 
of the midinfrared universe,’ says 
Matt Greenhouse, JWST project scientist for 
the instrument payload at Goddard. 

To capture that light, however, NASA en- 
gineers had to overcome huge challenges. 
The first was heat: To keep the infrared 
glow of the telescope itself from swamp- 
ing faint astronomical signals, Webb would 
need to operate at about -233°C, 40° above 
absolute zero (40 K). That would require 
entirely new instrument designs. Size and 
weight constraints posed additional hurdles: 
An 8-meter mirror would never fit inside a 
rocket fairing, so it would have to fold up for 
launch. The sunshield, too, would have to be 
collapsible and made of a superthin, light- 
weight membrane. And the telescope struc- 
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ture would have to be absolutely rigid but 
lightweight enough to limit the weight of the 
whole orbiting observatory to no more than 
6 tonnes, just a few percent of the weight of 
a similar-size ground-based telescope. “We 
knew we would have to invent 10 new tech- 
nologies” to make the telescope work, says 
NASAs JWST Program Director Eric Smith, 
in Washington, D.C. 

Take the mirror. Hubble’s was made from 
a single slab of glass, but Webb’s folding mir- 
ror would need to be segmented, made up of 
separate hexagonal pieces—a design used in 
many top ground-based instruments, includ- 
ing the Keck telescopes in Hawaii. The seg- 


~ 


- 
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Webb's mirror backplane is made from a graphite composite that is 
lightweight and rigid, retaining its shape down to cryogenic temperatures. 


ments would have to be minutely controlled 
to meld them into a single optical surface, 
with their reflected light completely in step— 
a process known as phasing. In Webb, each 
hexagonal segment will sit on six actuators 
that control its orientation, plus one in the 
center to adjust its curvature. 

Choosing the mirror material itself was 
a challenge, because it would have to stand 
up to a grueling ordeal. Because any mate- 
rial will change shape as it cools, each seg- 
ment would have to be ground to a shape 
that is optically wrong at room tempera- 
ture but warps into one that is correct—to 
within nanometers—at 40 K. To do that, the 
mirrormakers planned to combine sophisti- 
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cated computer modeling with a laborious, 
iterative process of grinding, cooling, mea- 
suring, warming, regrinding, cooling again, 
and so on. After testing both glass and the 
metal beryllium, Webb planners chose be- 
ryllium because it is strong and light, and it 
behaves more predictably during repeated 
cooling and warming cycles. 

The final design for Webb fell short of 
NASA's original ambitions. Beginning in 
2001, concerns about the swelling cost of 
the telescope forced NASA to shrink the 
mirror from 8 meters to 6.5 meters, reducing 
the number of mirror segments from 36 to 
18 and its light-collecting area from 
50 square meters to 25. But re- 
view panels decided that Webb 
could still achieve its scientific 
goals. To cut costs further, NASA 
decided to use less precise mir- 
rors that could be manufactured 
with many fewer cooling-warming- 
grinding steps. The change would 
make Webb less sharp at near- 
infrared wavelengths between 1 and 
2 micrometers—no great loss, as 
ground-based telescopes already 
cover that part of the spectrum. 

By 2006, all of Webb’s key tech- 
nologies had been tested and proven 
viable. The final design was drawn 
up, and construction of components 
got underway. Meanwhile, NASA en- 
gineers began dreaming up the byz- 
antine series of tests each separate 
component would have to pass—and 
the additional tests to be done as 
components were combined to form 
larger elements of the spacecraft. “As 
soon as we put two or three parts 
together, we test them,’ says Scott 
Willoughby, who is in charge of the 
Webb effort at Northrop Grumman in 
Redondo Beach, California. 

To put Webb’s enormous mirror 
through its paces, engineers at the 
Johnson Space Center in Houston, 
Texas, completely refitted Chamber A, 
a huge cryo-vacuum chamber built to test 
the crew-carrying spacecraft of the Apollo 
program. For the instruments, they devised 
the peculiar tortures at Goddard. 


THE FLIGHT MODELS of the instruments 
began arriving in 2012: four infrared imag- 
ers and spectrographs built by collabora- 
tors including the European Space Agency, 
a NASA/European consortium, the Univer- 
sity of Arizona, and the Canadian Space 
Agency. Once the instruments were secured 
on their rigid framework, they were vigor- 
ously shaken to simulate the stresses of 
launch, as well as blasted with 150 decibels 
by loudspeaker horns as tall as a person. 
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Next came the first cryo-vacuum test to 
simulate space conditions. 

Problems emerged almost immediately. 
The heating and cooling caused the deli- 
cate multilayer semiconductor sandwiches 
that make up the infrared detectors to swell 
and crack. Another critical technology, the 
microshutter array in the near-infrared 
spectrograph, also succumbed. This is a de- 
vice the size of four postage stamps with a 
grid of 250,000 tiny flaps that can be opened 
selectively so that the instrument can take 
separate spectra from, say, 100 galaxies in 
a single field of view—the first such multi- 
object spectrograph to fly in space. But the 
deafening noise of the acoustic chamber 
caused many of the flaps to jam. 

Instrument teams and manufacturers 
scrambled to identify the problems and pro- 
duce new parts. Meanwhile, testing went 
on. All the replacements came together in 
time for the recent CV3 test, and as the test 
ended in late January the signs were en- 
couraging that the fixes had worked. “We’re 
quite pleased with the performance,” says 
astronomer Marcia Rieke of the University 
of Arizona’s Steward Observatory in Tucson, 
principal investigator for the near-infrared 
camera. “We're very close to ready for launch.” 

While the instruments underwent their 
ordeal, white-clad engineers in a nearby 
clean room were painstakingly fitting 
the mirror segments onto their support, 
known as the backplane. Hollowed out on 
the back to reduce weight, each 1.3-meter- 
wide segment can be carried by a single 
person, and each has a particular destina- 
tion on the backplane, depending on its 
precise optical qualities. 
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Now that the instruments have been 
tested and the mirror assembled, these 
two elements will be mated in March. 
Then the combined telescope and instru- 
ment package, collectively known as OTIS, 
will endure the shaker tables and acoustic 
chamber before being inserted into a spe- 
cially built shipping container. In the dead 
of night, a truck will carry the container at 
just 8 kilometers per hour from Goddard to 
Joint Base Andrews, where it will be placed 
into a huge C-5 Galaxy transport plane, 
with just centimeters of clearance, for its 
flight to Houston. 

The few months OTIS spends in Chamber 
A early next year will be the most critical it 
will face. Light sources on the ceiling will 
create an artificial universe, allowing NASA 
engineers to run light all the way through 
the system from main mirror to detectors 
for the first and only time in spacelike condi- 
tions. They will practice phasing up the mir- 
ror and will check out all observing modes of 
the four instruments. “Hubble didn’t do an 
end-to-end optical test. We’re not skipping 
that on this program,” Greenhouse says. 

Then it’s back into the shipping con- 
tainer and another C-5 flight to Redondo 
Beach, where Northrop Grumman has been 
building the bus and sunshield. There the 
full observatory will take shape as the tele- 
scope and instruments are mated to these 
last two elements. 

Now too large to fit inside a plane, Webb 
will make its final prelaunch journey by ship, 
down the California coast and through the 
Panama Canal to French Guiana—home of 
Europe's spaceport, and a waiting Ariane 5 
launcher, part of Europe’s contribution to 
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The multilayered 
sunshield protects 
the telescope and 
instruments from the 
sun's heat. 


the project. In October 2018, the Ariane will 
fling Webb toward L2, a gravitational bal- 
ance point 1.5 million kilometers from Earth, 
directly away from the sun. The journey will 
take 29 days. 

Webb will begin unfolding and deploying 
components almost as soon as it hits space. 
Deployment will be “3 weeks of terror,’ Moun- 
tain says. “No one has done this before, ever.” 
First to deploy will be solar arrays and anten- 
nas to provide power and communications 
with Earth; then the sunshield will unfurl to 
begin cooling the telescope and instruments; 
finally, the secondary mirror will swing into 
position and the main mirror wings will snap 
into place. Once the mechanical gymnastics 
routine is finished, there will come the heart- 
stopping moment when the mirror first looks 
at the sky. Then the mirror has to be phased 
up, and the instruments cooled and all their 
modes tested. Commissioning is expected to 
take a full 6 months after launch. 

“A whole chain of things have to be done 
to get that really good-looking star,’ says 
Lee Feinberg, JWST telescope manager at 
Goddard. “But then we can really rest.” 

Until then, the pressure will be unrelent- 
ing. But the builders of Webb say they do 
find time to reflect on what they are doing. 
Pierre Ferruit, JWST project scientist at 
the European Space Agency in Noordwijk, 
the Netherlands, recalls watching from the 
control room at Goddard during CV3 as 
technicians carried mirror segments into 
the clean room and fitted them to the back- 
plane. “Even for someone working on the 
mission, it’s quite incredible,” he says. Rieke 
had the same sensation: “It’s just enchant- 
ing to be witnessing history.” & 
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How does 

the immune 
system 
tolerate food? 


Intestinal T cells balance 
the immune response to 
microbes and food 


By Chantal Kuhn and Howard L. Weiner 


he gastrointestinal immune system 
(gut-associated lymphoid tissue) has 
the unique capacity to discriminate 
between harmless and _ potentially 
dangerous material. It can raise a pro- 
tective response against pathogenic 
microbes and toxins while tolerating food 
antigens and commensal microbes. This is 
a challenge given the vast number of foreign 
antigens, mainly derived from food (>100 
g of protein per day), and commensal mi- 
crobes colonizing the gut (an estimated 100 
trillion, 10 times the number of cells in the 
human body). Dysfunction of this delicate 
balance between immunity and tolerance 
can lead to pathologies such as food allergy, 
autoimmune diseases, and infections. On 
page 858 of this issue, Kim et al. (1) show 
that dietary antigens trigger the generation 
of a regulatory T (Tyee) cell type in the small 
intestine that suppresses immune responses 
to food. These dese cells are phenotypically 
and functionally distinct from those in the 
colon that suppress immune responses to 
commensal microbes (2, 3). 
The phenomenon of continuous oral ad- 
ministration of low-dose foreign antigen 
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Women’s Hospital, Harvard Medical School, Boston, MA 02115, Tolerance. Understanding the mechanisms that induce and maintain immune tolerance to food antigens will provide 
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inducing local and systemic hyporesponsive- 
ness to a subsequent challenge with the fed 
antigen has been called “oral tolerance” (4, 
5). Treg cells are key to this tolerance. They 
control pathogenic immune responses and 
are characterized by the expression of the 
transcription factor forkhead box p3 (Foxp3) 
(6). Thymus-derived (tT,,.) cells are essential 
for maintaining immune tolerance to self 
and immune homeostasis. However, Foxp3 
can also be expressed in conventional T cells 
in response to foreign antigen (6). These pe- 
ripheral Tg OT,,,.) cells control immunity 
at sites of inflammation, especially at muco- 
sal surfaces, and differ from tT. cells by a 
decreased expression of the surface marker 
neuropilin-1 (7, 8). Although feeding of exper- 
imental antigens induces the generation of 
pT... cells (4), the influence of a normal diet 
on these cells has remained unknown. 

To separate the influence of food antigens 
from the impact of microbiota, Kim e¢ al. 
used germ-free mice (devoid of microbiota) 
raised and bred on an elemental “amino 
acid” diet lacking food antigens (antigen- 
free mice) and compared them to germ-free 
mice and mice that harbored microbiota but 
no pathogenic microbes. Depletion of di- 
etary antigen (antigen-free mice) led to a de- 
crease of antigen-experienced T (CD4*) cells 
in the tissue of the small intestine relative to 
the effect of such a diet on mice lacking all 
gut microbes or mice harboring only “good” 
gut microbes. Consistent with previous 
data (2, 3), pr cells were abundant in the 
lamina propria of the small intestine and 
the colon of mice with good microbes, but 
decreased in the colon of germ-free mice. 
In the latter mice, absence of food antigens 
led to additional depletion of pT... cells in 
the small intestine, which suggests that food 
antigens trigger the production of pT... cells 
in the small intestine, whereas microbiota 
elicit pT, cell generation in the colon. 

Kim e¢ al. found that pT,,.. cells that arise 
in response to food antigens or microbiota 
can be distinguished by the presence of a 
transcription factor called retinoid-related 
orphan receptor gamma t (ROR}t). Depletion 
of microbiota-induced PT... cells by using 
germ-free mice or administering antibiotics 
to normal mice decreased RORyt* pT. cells, 
whereas the weaning of mice harboring only 
good gut microbes on a diet free of food anti- 
gens decreased RORyt™ pT... cells. Because a 
decrease in PT... cell numbers might be trig- 
gered by preferential depletion of tolerogenic 
antigen-presenting cells (such as dendritic 
cells) that spur pT, generation, Kim e¢ al. 
analyzed dendritic cell subsets in the small 
intestine of food antigen-free mice. Dendritic 
cells (CD103*CD11b*) that stimulate the pro- 
duction of pT, cells (9, 10) decreased by 
40%, indicating a role in the production of 
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pT, cells in response to food antigens. How- 
ever, other factors that regulate PT... cell pro- 
duction remain to be elucidated, as indicated 
by the small decrease in the number of these 
dendritic cells. 

Because food antigen-free mice showed no 
intestinal pathology after a normal chow diet, 
Kim et al. used two different experimental 
models to assess how food antigen-induced 
pT,,.. cells modulate the immune response 
against fed antigens. Transgenic CD4* T cells 
that respond to ovalbumin were transferred 
into food antigen-free or germ-free mice, or 
into mice harboring only good gut microbes, 
before the animals were fed ovalbumin. Ov- 
albumin increased the proliferation of oval- 
bumin-specific CD4* T cells while inhibiting 
generation of ovalbumin-specific pT, cells in 
the small intestine of food antigen-free mice 
as compared to mice with good gut microbes 
or germ-free mice. This effect was also ob- 
served in the mesenteric lymph nodes that 
drain the gut, but not in the spleen, indicat- 
ing a local but not systemic loss of tolerance. 
Feeding ovalbumin to a mouse strain that 
was more susceptible to allergy, and that was 
also free of food antigen in its diet, triggered 
severe diarrhea and boosted immunoglobu- 
lin E production against ovalbumin, sug- 
gesting that food antigen-induced pT. cells 
contribute to controlling allergy. 

Together, these data show that compo- 
nents in food induce RORyt pT... cell pro- 
duction in the small intestine. These cells 
seem to contribute to controlling local T 
cell responses (T helper cells) depending 
on the experimental context, and are phe- 
notypically and functionally distinct from 
microbiota-induced RORyt* vT,,, cells (3, 9). 
However, it is unclear whether these food 
antigen-induced pT, cells are also respon- 
sible for the systemic effects of oral toler- 
ance. It has been suggested that circulating 
food antigen that is taken up and presented 
by liver-resident cells contributes to estab- 
lishing systemic tolerance (5). It would also 
be interesting to analyze the transcriptional 
profile of food antigen-induced pT... cells. 
Do they express other T cell lineages (6) or 
tissue-specific transcription factors (17) that 
offer insight into their generation, mainte- 
nance, and function? @ 
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Cas9, poised 
for DNA 
cleavage 


Structural rearrangements 
explain how Cas9 cuts DNA 


By Hongfan Chen and Scott Bailey 


ver the past 3 years, the technique 
known as CRISPR—clustered regu- 
larly interspaced short palindromic 
repeats—has revolutionized the field 
of genome editing (J). A single en- 
zyme called CRISPR-associated pro- 
tein 9 (Cas9) can be programmed with 
CRISPR-derived RNAs (crRNAs) to in- 
troduce double-stranded DNA (dsDNA) 
breaks at specific sites in the genome. On 
page 867 of this issue, Jiang et al. (2) de- 
scribe structures of Streptococcus pyogenes 


“Understanding how 
binding...activates...Cas9 
...provides a framework for 
...mproved genome editing.” 


Cas9 captured in a state poised for DNA 
cleavage. This new snapshot, together with 
those from previous structures, explains 
how binding to a dsDNA target allosteri- 
cally activates DNA cleavage by the Cas9 
endonuclease. 

To generate dsDNA breaks, Cas9 must 
cleave each strand of the duplex target. As 
such, Cas9 contains two nuclease domains, 
the HNH domain and the RuvC domain. 
Cas9 identifies DNA as a target if it con- 
tains a protospacer sequence, which is a 
sequence that is complementary to the 
guide region of the crRNA, and a short pro- 
tospacer adjacent motif (PAM). DNA tar- 
geting by Cas9 requires not only a crRNA 
but also a trans-acting crRNA (tracrRNA) 
(3, 4) that can be artificially fused with the 
crRNA as one single-guide RNA (sgRNA) 
(3), a strategy often used in genome edit- 
ing experiments. Target binding triggers 
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Strands apart. Interactions between Cas9 and the two separated strands of the DNA target activate the nuclease 
activity of Cas9. The subsequent dsDNA breaks form the basis of CRISPR-mediated genome editing. Cas9 stabilizes 


the R-loop structure, similar to how an RNA polymerase II st 


formation of an R-loop in which the guide 
region of the crRNA invades the dsDNA 
target to form a base pair with the comple- 
mentary strand, displacing the opposing 
noncomplementary strand. Similar R-loop 
structures are formed at sites of transcrip- 
tion by RNA polymerase II (see the figure). 
Formation of an R-loop signals the HNH 
domain of Cas9 to cleave the complemen- 
tary DNA strand and the RuvC domain to 
cleave the noncomplementary strand (3, 4). 
Concerted cleavage by the two nuclease do- 
mains ensures that either both or neither 
of the two strands are cleaved (5). 
Structures of Cas9 alone (6), bound to 
sgRNA (7) or to partially double-stranded 
targets containing a PAM (8-10), revealed 
that Cas9 can adopt distinct conforma- 
tional states but failed to explain how the 
Cas9 nuclease domains generate dsDNA 
breaks. In each of the earlier structures, 
the HNH domain active site is positioned 
at least 30 A away from its intended cleav- 
age site on the complementary strand. 
Moreover, DNA bound at the active site of 
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the RuvC domain also was not observed 
in previous structures, owing to a lack of 
an intact noncomplementary DNA strand. 
The crystal structure reported by Jiang et 
al. captures a dsDNA target in an unwound, 
precleaved state with the HNH and RuvC 
domains positioned near their respective 
cleavage sites. The complex adopts a con- 
formation, more compact than observed in 
previous DNA-containing structures, that 
drives the structural rearrangements neces- 
sary for efficient and coordinated cleavage 
of the dsDNA target. 

The most prominent structural rear- 
rangement upon dsDNA binding occurs 
with the HNH domain, which during its 
repositioning toward the complementary 
strand rotates nearly 180° from its loca- 
tion in the partially dsDNA-bound complex 
(9). The two hinge regions connecting the 
HNH and RuvC domains also undergo local 
structural rearrangements that appear to 
help stabilize the R-loop structure through 
contacts with the separated DNA strands, 
and to help direct the noncomplementary 
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strand into the RuvC active site. Together 
the repositioning of the HNH domain and 
the structural rearrangements of the linker 
regions provide clear structural evidence 
for observed allostery between the HNH 
and RuvC domains through these hinge re- 
gions (5). 

To gain more insight into how Cas9 binds 
dsDNA targets, Jiang et al. used cryo-elec- 
tron microscopy (cryo-EM) to determine the 
6.0 A structure of the Cas9-sgRNA complex 
bound to a longer dsDNA target, as well as 
the 4.6 A structure of the Cas9-sgRNA com- 
plex. They reveal that interactions between 
Cas9 and both ends of the open dsDNA tar- 
get confer a 30° helical bend angle in the 
DNA that provides the structural distortion 
required for R-loop stabilization. These 
studies not only elucidate the mechanism 
of DNA binding by Cas9 but also further 
highlight recent advances in cryo-EM (11). 
Although higher-resolution cryo-EM struc- 
tures have been reported in other systems, 
the resolution of a cryo-EM structure is ul- 
timately limited by the nature of the speci- 
men. Given the relatively small size of the 
Cas9 complexes (~220 kDa) and the confor- 
mational plasticity of Cas9, the resolution 
of the cryo-EM structures reported should 
not be underappreciated. 

Understanding how binding to a bona 
fide dsDNA target activates the DNA endo- 
nuclease activity of Cas9 not only provides 
greater insight into the specificity of Cas9 
cleavage but also provides a framework 
for further manipulation of this system for 
improved genome editing. Variants of Cas9 
have already been developed that show 
improved specificity (12, 13). The studies 
by Jiang et al. facilitate the rational design 
of further variants to minimize off-target 
cleavage, a major concern for gene editing 
at the bench and in potential therapeutic 
strategies. This new structural information 
also provides a blueprint for fluorescence- 
based experiments that could exploit these 
conformational changes to report on DNA 
binding by Cas9 in cells. m 
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CELLULAR NEUROSCIENCE 


Differences among astrocytes 


Neurons determine the specificity of local astrocytes 


By Beth Stevens and Allie K. Muthukumar 


strocytes are diverse in morphology 

and molecular makeup (J, 2), poten- 

tially enabling them to provide for 

the varying needs of their diverse 

neuronal counterparts (3). What ac- 

counts for and maintains astrocyte 
heterogeneity are only beginning to be ex- 
plored. One possibility is that 
the signals specifying astrocyte 
subpopulations might operate 
only during the critical phases 
of development, after which the 
cell is hardwired. Alternatively, 
these signals might be opera- 
tional at all times. On page 849 
of this issue, Farmer et al. (4) 
reveal that neuronal signals 
drive the molecular programs 
of astrocytes even during adult 
stages of life. This challenges 
the idea that astrocyte function 
is hardwired during develop- 
ment and provides a new mech- 
anism for cellular plasticity in 
the adult brain. 

Unlike morphological variety, 
the molecular and functional 
heterogeneity among astrocytes 
(5-9) has only recently gained 
appreciation. For example, com- 
parison of actively translating 
messenger RNA in astrocytes 
from different regions of the mammalian 
brain revealed stark differences in gene ex- 
pression profiles (5). Such findings support 
the idea that subpopulations of astrocytes 
have specialized regulatory functions on lo- 
cal neuronal circuits. 

Spatially defined progenitor cells can 
give rise to distinct astrocyte populations 
in the mammalian brain that remain within 
restricted spatial domains as the nervous 
system matures (JO). This raises the ques- 
tion of whether there might be region- 
specific neuron-astrocyte interactions that 
determine astrocyte identity. Interestingly, 
in germinal regions of the adult mamma- 
lian brain, morphogen gradients such as 
sonic hedgehog (Shh) can specify the fate of 
newly generated astrocytes (17), but it is not 
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known whether these mechanisms affect 
terminally differentiated astrocytes. 

Farmer et al. show that Shh signaling in 
the adult mouse brain drives the molecular 
profiles of mature astrocytes. The authors fo- 
cused on the cerebellar cortex, which has two 
astrocyte populations: Bergmann glia (BG) 
and velate astrocytes (VAs). These two popu- 
lations are morphologically and molecularly 


( Purkinje cell 


expresses high 
amounts of Shh 


Granule cell ») 
expresses low 
amounts of Shh 


porin (AQP4)] increased. When Shh was 
deleted from neurons, changes in gene ex- 
pression in neighboring BG mimicked those 
seen after astrocyte-specific Smo deletion. 
Changes that resulted from disrupting Shh 
signaling were sufficient to alter BG physi- 
ology. Decreased expression of the AMPA 
glutamate receptor, which functions in 
synaptic transmission, corresponded with 
reduced current conductance by the glial 
cells. The study indicates that stable Shh 
signaling between BG and local neurons 
sustain the specialized properties of BG. 

In contrast to BG, VAs receive a low 
amount of Shh input. Farmer et al. found that 
activating Shh signaling in astrocytes (by ex- 
pressing mutant Smo that is constitutively 

active) disrupted the molecular 
features that characterize VAs. 
RNA sequencing demonstrated 
that VAs with increased Shh 
signaling had a transcriptional 
profile that more closely resem- 
bled that of BG than that of VAs. 
Thus, maintaining a low level 
of Shh signaling in VAs is nec- 
essary to sustain their defining 
molecular features. 

Is Shh regulation of astro- 
cytes widespread? Farmer e¢ al. 
examined regions outside the 
cerebellar cortex and confirmed 
that Shh signaling regulates as- 
trocyte features throughout the 
mammalian brain. Intriguingly, 

| they discovered that Shh induces 


Local control. Bergmann glia associate with neurons (Purkinje cells) that express 
high amounts of Shh, whereas velate astrocytes associate with neurons (granule cells) 
ow amounts of Shh. Neuron-derived Shh regulates the molecular and 
functional features of nearby astrocytes in the adult mammalian brain. 


distinct and associate with different neurons. 
Farmer et al. observed that neurons in con- 
tact with BG express higher amounts of Shh 
than neurons in contact with VAs (see the 
figure). By manipulating the level of Shh sig- 
naling between neurons and astrocytes and 
studying its effects on the molecular features 
that define BG and VAs, the authors reveal 
that Shh signaling drives distinct astrocyte 
profiles in the mature brain. 

To determine the role of Shh signaling in 
maintaining BG molecular features, Farmer 
et al. deleted the expression of Smo, a pro- 
tein needed for Shh signal transduction, in 
astrocytes. This disrupted the expression of 
proteins that confer BG-specialized proper- 
ties. Proteins that show characteristically 
high expression [such as the glutamate Al 
(GluA1) and GluA4 subunits of the o-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor] decreased, whereas 
proteins that have low expression [aqua- 
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disparate changes in astrocytes 
in different brain regions. It is 
likely that several factors, in- 
cluding Shh, act cooperatively to 
determine astrocyte specificity. 
What these molecular signals 
are and how they interact with Shh signaling 
in the mature brain should be investigated in 
the future. The study by Farmer et al. firmly 
supports the idea that cellular function is not 
solely defined during development but con- 
tinues to be defined and regulated through- 
out adulthood, bringing to light a previously 
unappreciated form of cellular plasticity in 
the brain. & 
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NANOMATERIALS 


Controlled interaction 
of nanoparticles with cells 


DNA hybridization can control the exposure of 
cell-targeting receptors on nanoparticles 


By Wolfgang J. Parak’” 


or many medical applications, con- 
trolled interaction of cells with sur- 
faces is desirable. For example, in the 
already clinically applied cell-sheet 
technology, cells detach from a poly- 
mer surface upon cooling, which 
causes the polymer to swell and become non- 
adhesive (7). On page 841 of this issue, Ohta 
et al. applied the same idea to the surface 
of colloidal nanoparticles (NPs) (2). In the 
adhesive state, in which ligands on the NP 
surface are accessible, the NPs specifically 
adhere to the surface of cells bearing a cor- 
responding receptor and are internalized. In 
the nonadhesive state, the targeting ligands 
are inaccessible; the NPs do not show spe- 
cific adhesion to cells and are internalized to 
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a much lower extent. This switching is initi- 
ated by the presence of short oligonucleotide 
sequences, so NPs (and any cargo, such as 
drugs) could be targeted to cells on the basis 
of characteristic overexpressed oligonucle- 
otides on cell surfaces. 

The trick for switching between the two 
modes (shown schematically in panel A of 
the figure) exploits the capability to hybrid- 
ize one longer oligonucleotide to either of 
two NPs, NPI or NP2. First, long DNA mol- 
ecules (sequences a’b’c’cd’, where a prime 
indicates the complement strand) are 
bound to a short complementary oligonu- 
cleotide sequence, a, on NP1, whereas NP2 
only bears short oligonucleotides, f (state 1). 
If linker nucleotides d’e’f’ are added, they 
will hybridize and bind to NPI. The ends of 
the DNA molecules attached to NPI (f’) are 
now complementary to the oligonucleotides 
(f) attached to NP2 (state 2). After hybrid- 
ization of the complementary oligonucle- 
otides (duplex formation ff’), NP1 and NP2 


Oligonucleotide sequences 


eo 
eo 
e<o 
eo 


aa’ bb’ cc’ dd’ ee’ ff’ 


are linked by DNA a'b’c’cdd’e’f’ (state 3). 
DNA a’'b’c’cdd’e’f’ may now detach from 
NPI and transfer to NP2 (state 4). 

Note that hybridization from state 3 is 
fully reversible and can go in both direc- 
tions. The direction to reach equilibrium 
is governed by the concentrations of the 
linker (d’e’f';a’b’c’) and detachment (abc; 
def) oligonucleotides, such as those used 
to create state 5. If the displacer nucleotide 
abc is added, the oligonucleotide a'b’c’ is 
displaced from NP2, under formation of the 
DNA duplex aa’bb’cc’. Displacement is pos- 
sible, as hybridization of aa’bb’cc’ prevails 
over hybridization of cc’ only. This results 
in NPI with only the oligonucleotides a at- 
tached, and NP2 modified with long DNA 
molecules cdd’e’f’f. In this way, either NP1 
(state 5) or NP2 (state 1) has long DNA 
strands attached. 

The second trick now involves addition 
of targeting ligands such as folic acid to the 
surface of NP1, which is linked by DNA to 
NP2 (see the figure, panel B). If NP1 bears 
the long DNA strands, they cover the tar- 
geting ligands and the entire NP is in a 
nonadhesive state. In the presence of the 
appropriate linker and detachment oligo- 
nucleotides, long DNA is moved to NP2. 
Now the targeting ligands on the surface of 
NPI are accessible. The entire NP is in the 
adhesive state and can specifically bind to 
cells expressing the receptor for the target- 
ing ligand, and is then incorporated into 
cells via receptor-mediated endocytosis. 
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Exposed versus covered up. (A) Sketch of DNA exchange between two nanoparticles. The sequences of the oligonucleotides in the scheme are arbitrary (they do not 
correspond to the ones used by Ohta et al.) and represent multiple ligands covering the surface. Numerals in circles are state numbers as described in text. (B) Switching of 
nanoparticles between adhesive and nonadhesive states, exposing ligands (arrows) that target receptors on cells. 
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Functional NPs of all types can be tai- 
lored with high precision (3). DNA has been 
used for forming NP assemblies (4, 5) and 
also as a general structural element (6-8), 
which in turn allows for more complex as- 
sembly of NPs (9). DNA assemblies based 
on the displacement and rehybridization of 
oligonucleotides have also been used as dy- 
namic structural elements (10). Ohta et al. 
made use of several of these conceptual ele- 
ments, but their work is far from incremen- 
tal in that they have achieved an excellent 
degree of control and uniformity. 

Although there are many studies of NPs 
decorated with molecules that can change 
their structure to introduce functionality, 
the mechanisms of such change have been 
proven only indirectly, with an element of in- 
tuition sometimes involved. In contrast, Ohta 
et al. demonstrate structural transition from 
the nonadhesive to the adhesive state by la- 
beling with additional small NPs that can be 
directly visualized by transmission electron 
microscopy (TEM). The TEM images reveal 
not only the nonadhesive (DNA-covered) 
state 1 and the adhesive (exposed) state 5, but 
also the transition state 3. In addition, TEM 
images of many NP assemblies at lower mag- 
nification show that they are uniform, which 
is of particular importance for future phar- 
maceutical formulation. 

Although the work of Ohta et al. is a 
technical breakthrough, our knowledge 
about the interaction of NPs is incomplete. 
These assemblies contain genetic material, 
and the potential long-term side effects of 
their use as pharmaceutical formulations 
are still under discussion (JI). Inside the 
human body, assemblies may also degrade 
and thus lose their functionality before 
they reach their target (72). The use of 
colloidal NPs as pharmaceutical formula- 
tions has just begun, as building blocks 
with sufficient purity and uniformity have 
only recently become available. In this way, 
materials nanoscience is progressing into 
medical nanotechnology. & 


REFERENCES AND NOTES 


1. M.Yamato, T. Okano, Mater. Today 7, 42 (May 2004). 

2. S.Ohta, D. Glancy, W.C.W. Chan, Science 351, 841 (2016). 

3. W.J.Parak, Science 334, 1359 (2011). 

4. A.P.Alivisatos et al., Nature 382,609 (1996). 

5. C.A.Mirkin, R. L. Letsinger, R.C. Mucic, J. J. Storhoff, 
Nature 382,607 (1996). 

6. J.H.Chen, N.C. Seeman, Nature 350, 631 (1991). 

7. P.W.K.Rothemund, Nature 440, 297 (2006). 

8. S.M.Douglas et al., Nature 459, 414 (2009). 

9. G.P.Acunaetal., Science 338, 506 (2012). 

0. B.Yurke,A.J. Turberfield, A. P. Mills, F.C. Simmel, J.L. 
Neumann, Nature 406, 605 (2000). 

ll. Z.K. Ballas etal., J. Immunol. 167, 4878 (2001). 

12. W.G.Kreyling et al., Nat. Nanotechnol.10, 619 (2015). 


ACKNOWLEDGMENTS 


Supported by the European Commission (project 
FutureNanoNeeds). 


10.1126/science.aaf0751 


SCIENCE sciencemag.org 


INFECTIOUS DISEASES 


Beyond Ebola 


The Ebola epidemic provides 
lessons for how to respond to 
future epidemics 


By Janet Currie,' Bryan Grenfell,’ 
Jeremy Farrar? 


n 14 January 2016, Liberia was de- 

clared Ebola-free. A new case was 

identified shortly after the announce- 

ment, but it is nevertheless clear that 

the West African epidemic has moved 

on to amore hopeful phase. What les- 
sons can be drawn from the Ebola crisis to 
help the international community to prepare 
for and respond to the next global epidemic? 
This question is particularly pertinent given 
the recent declaration of the Zika virus as a 
public health emergency. 


RESPECTFUL LOCAL HEALTH CARE. Over 
US$7 billion were raised for the Ebola re- 
sponse, and international efforts were made 
to supply personnel. But it was ultimately un- 
derequipped local workers on the ground who 
bore the brunt of the epidemic: More than 
800 health care workers were infected, and 
more than 500 died. These facts underscore 
the importance of rebuilding and strengthen- 
ing local health care and health surveillance 
networks, as well as building trust in both the 
health care system and political structures. 

In public remarks on the epidemic, Mar- 
garet Chan, the Director-General of the 
World Health Organization (WHO), stated 
that “when communities saw for themselves 
that hiding patients in homes could lead to 
the death of entire households, they found 
their own way to separate the healthy from 
the infected... These changes in community 
behaviours helped bring some of the earliest 
hotspots under control” (J). In fact, treating 
the rights of the infected and their families 
as secondary to the urgent need for infection 
control proved counterproductive: It under- 
mined containment of the epidemic and led to 
the loss of more lives. Former Irish President 
Mary Robinson has argued that safeguarding 
the human rights of victims is essential to ef- 
fective control of an epidemic (2). 


INTERNATIONAL RESPONSE. At the same 
time, a more efficacious, timely interna- 
tional response is essential. The first Ebola 
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cases were confirmed in March 2014; just 
2 months later, Médecins San Frontiéres 
declared the epidemic to be out of control. 
Yet, the WHO did not convene an interna- 
tional meeting on the outbreak and declare 
it a Public Health Emergency of Interna- 
tional Concern (PHEIC) until August 2014. 
As the international body charged with re- 
sponding to infectious disease outbreaks, 
the WHO must have the mandate, author- 
ity, and capacity to respond faster and with 
much greater impact. 

The need for reforms at the WHO has been 
stressed from several expert panels (3—6). All 
these panels have recommended the setting 
up of a dedicated Center for Health Emer- 
gency Preparedness and Response within the 
WHO, with an independent advisory group, 
transparent decision-making, and a pro- 
tected budget that cannot be cannibalized for 
other issues. The WHO must also implement 
its existing mandate to require and assist 
countries to define and develop minimum 
core capacities for detecting and reporting 
outbreaks. The United Nations should over- 
see the progress of these initiatives and of- 
fer assistance, especially in fragile and failed 
states. Finally, research must be sustained 
and coordinated both between and during 
epidemics. The National Academy of Medi- 
cine frames these issues as matters of global 
security and estimates implementation costs 
of $4.5 billion per year (5). 


MULTIPLE PERSPECTIVES. Although the 
expert panels discussed above emphasize the 
need for coordinated research, their focus 
is mainly on biomedical disciplines. A more 
successful approach to future outbreaks 
needs to coordinate knowledge from many 
disciplines in two main ways. First, scientists 
must quantify and ideally predict the course 
of an epidemic from its zoonotic origins in 
reservoir species, through the course of the 
epidemic, to its wider effects on health sys- 
tems and society. Second, every aspect of this 
research program needs to move beyond cus- 
tomary disciplinary silos, integrating insights 
from the natural sciences, public health, and 
clinical medicine with those from engineer- 
ing, social science, and ethics. 

Three examples underline the multidisci- 
plinary nature of the research challenge (see 
the table). First, the risk of zoonotic emer- 
gence must be mapped using innovative 
surveillance methods, data that track human 
movement, and computational methods (7). 
However, the risk of human contact and the 
emergence of disease also depend on eco- 
nomic and social factors such as travel, mi- 
gration, and urbanization (8). 

Second, integrating data from genetic 
analysis of pathogens and medical surveil- 
lance into epidemiological models is a key 
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Research needs for different stages of emerging zoonotic infections 


Zoonotic 
jump 


Stage of 

the epidemic 

Research Reservoir and pathogen 

priorities transmission rates and 
dynamics; pathogen 
surveillance and novel 
host serology; pathways : 
for contact with humans. 

Fields of — Veterinary science, 

research ecology, evolutionary 

needed biology, microbiology, 
immunology, anthropolo- 


gy, sociology, geography, 
and economics. : 


step in understanding epidemic spread and 
the effects of control efforts. Understand- 
ing implications from molecular virology 
and immunology for the dynamics of popu- 
lation herd immunity is a crucial area for 
research. However, the Ebola epidemic has 
shown that social structures, living environ- 
ments, and human behavior all shape the 
course of an epidemic (9). Understanding 
behavior change (and especially culturally 
appropriate ways to influence it) requires 
expertise from fields such as anthropology 
and psychology; without such insights, con- 
trol measures can founder. 

Third, safe, efficient, and deployable vac- 
cines and treatments, along with close-to- 
patient diagnostics, could mitigate future 
outbreaks and protect frontline health work- 
ers. The recent successful and remarkably 
rapid trial of a safe and effective Ebola vac- 
cine in Guinea is a triumph (0), but there is 
no technical reason why it (and alternative 
Ebola vaccines) could not have been available 
for deployment several years ago. The main 
impediment has been the lack of a reliable 
market for a vaccine. The 20 January agree- 
ment by the Global Alliance for Vaccines 
and Immunizations (GAVI) to purchase the 
Merck vaccine when it becomes available il- 
lustrates what can be done. 

Developing an international cooperative 
mechanism to support the development and 
licensing of vaccines is an urgent priority 
(11). We hope that the Ebola crisis will pro- 
vide the impetus to finally get this effort off 
the ground, particularly because new threats, 
such as the Zika virus, continue to emerge. 
The Zika virus epidemic also underlines the 
importance of research and development in 
the control of vector-borne diseases. 
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Local epidemic in humans 


Public health, syndromic and pathogen genetic 
surveillance; development of rapid diagnostics : 
and informatics; estimation of transmission 
rates and construction of epidemiological 
models; quantifying pathogen evolution; 
vaccine and drug treatment development; 
testing, logistics, and sensitive deployment of 
control strategies; behavior change. 


Biomedicine, pharmacology, epidemiology, 
pathogen evolutionary biology, biostatistics, 
engineering and supply chain logistics, 
economics, sociology, anthropology, ethics, 
politics, and communications. 


Regional/global spread 
a 
@- 
Mapping spread through 
quantifying human 
mobility; broader 
deployment of control 
measures; mobilizing 
political and economic 


will to prevent spread 
and aid victims. 


Geography and 
informatics, epidemiolo- 
gy, politics, economics, 
ethics and law. 


ACTING SYNERGISTICALLY. Past epidem- 
ics show that international aid can be highly 
successful (12). HIV-AIDS has become a 
chronic rather than fatal condition, even in 
many low-income countries, because of ac- 
cess to life-saving drugs; childhood deaths 
due to malaria have been massively re- 
duced in the past 15 years (13); and access 
to vaccines has been much improved, all as 
a result of coordinated national and inter- 
national efforts. This history shows that the 
best results are achieved when international 
mechanisms act synergistically with strong 
local governance and health systems and 
with a shared agenda. 

The difficulty in extinguishing Ebola in 
Liberia and Sierra Leone highlights the 
very real challenge of eradicating human 
infection from a country after it has become 
well established. Because of the possibility 
of long-term human carriage of Ebola, low- 
level sexual transmission, and relapse, the 
road to zero cases still requires massive ef- 
fort and commitment. Death and disease 
stemming from an outbreak are likely to 
linger long after the last country is declared 
Ebola-free. In the aftermath of the Ebola 
epidemic, strains on already fragile health 
systems can exacerbate other infectious dis- 
ease outbreaks (4). 

Trauma, stigmatization, hunger, and pov- 
erty stemming from the outbreak are also 
likely to have long-term consequences on 
survivors, their families, and communities. 
The effects may be particularly severe for 
the youngest children affected. Documented 
effects of exposure to other infectious dis- 
eases in utero and early childhood include 
stunting, cognitive deficits, severe mental 
health problems, disability, and greater 
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susceptibility to other diseases (15). Long- 
term health care needs in the Ebola-affected 
countries will therefore likely be even 
greater than before. 


FROM CHALLENGE TO OPPORTUNITY. 
The need for rebuilding health systems also 
presents an opportunity. The delivery of ba- 
sic health services at a community level is key 
to establishing trust, improving surveillance, 
and creating the capacity to mount a rapid re- 
sponse. Community health workers who are 
well trained and supported have local trust, 
as well as the information and the capabil- 
ity to work with national and international 
partners to confront the next epidemic. They 
must be seen as part of the solution and in- 
tegrated with national public health care sys- 
tems and international partners. 

These advances will only be possible with 
a strong, reformed, and adequately funded 
WHO (3-6). It must again become the re- 
spected global health body with a clear man- 
date to provide the global health leadership 
that is sorely needed in a fragmented but in- 
creasingly interconnected world. This trans- 
formation will require binding commitments 
from the international community alongside 
an ability and willingness of the WHO to 
lead. Only then can all the disciplinary tools 
of 21st-century public health be harnessed in 
an equitable, effective, and integrated way. & 
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CHEMISTRY 


A molecular shuttle for hydrogen cyanide 


Nickel-catalyzed transfer hydrocyanation enables safe conversion of alkenes into nitriles 


By Hans-Giinther Schmalz 


n recent decades, transition-metal ca- 

talysis has become an indispensable tool 

in organic synthesis. Nevertheless, there 

remains a need for practical, safe, and 

efficient protocols for some transforma- 

tions. A challenging example is nickel- 
catalyzed hydrocyanation (J), in which 
nonactivated olefins (alkenes) are converted 
to branched or linear nitriles through ad- 
dition of hydrogen cyanide (HCN) (see the 
figure, panel A). This transformation is used 
industrially on a very large scale to produce 
adiponitrile, a key intermediate for Nylon-66 
(see the figure, panel B). However, it is rarely 
used in laboratory or fine chemical syntheses 
because of safety concerns regarding HCN, 
an extremely toxic, volatile, and flammable 
agent. On page 832 of this issue, Fang et al. 
(2) report a method that avoids the use of 
HCN in the conversion of alkenes to nitriles 
and vice versa. 

Less dangerous and easier-to-handle re- 
agents, such as trimethylsilyl cyanide, have 
been used for the in situ generation of HCN 
(3). However, these reagents still represent 
a potential hazard. Fang et al.’s approach 
is radically different: In their transfer- 
hydrocyanation process, no free HCN is 
generated at all. 

The authors use a nickel catalyst, which 
can abstract HCN from a nitrile (leaving be- 
hind an alkene) and transfer it to another 
alkene. In the proposed catalytic cycle (see 
the figure, panel C), a Ni(IJDHCN interme- 
diate serves as a HCN shuttle. This shuttle 
readily reacts with an alkene through mi- 
gratory insertion and reductive elimination 
to yield a nitrile and a Ni(O) species. 

All steps in this reaction are reversible, 
meaning that the overall process is thermo- 
dynamically controlled. The equilibrium 
can be influenced easily: With isovalero- 
nitrile as a preferred HCN donor, a broad 
variety of mainly terminal alkenes are hy- 
drocyanated, resulting in the selective for- 
mation of the linear products in good to 
excellent yield (see the figure, panel D). For 
the retro-hydrocyanation, the authors use 
norbornadiene, which accepts HCN under 
reduction of ring strain. The latter protocol 
allows the elimination of HCN from various 
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terminal alkyl nitriles to efficiently yield 
the corresponding alkenes (see the figure, 
panel E). Selected examples from natural 
products chemistry convincingly demon- 
strate the power of the method. 

A common reaction in organic synthe- 
sis involves the transition metal-catalyzed 


A Nickel-catalyzed hydrocyanation (general scheme) 


CN H 
HON ATH or  ,Acen 
Ni catalyst R R 


Alkene Branched nitrile — Linear nitrile 


B Industrial hydrocyanation: adiponitrile process 
(DuPont) 


ZXZ —2HCN NCUA AN. nylon-66 
Butadiene Nicatalyst — aginonitrile 


C Transfer hydrocyanation: proposed catalytic cycle 


R 
os 5 4 
4 NC AR 
CN 
vu [Ni] 
INI AR 4 


1) Migratory insertion 3) Oxidative addition 
2) Reductive elimination 4) B-hydride elimination 


D Synthesis of nitriles by transfer hydrocyanation 


H 
RS + a RAWCN us 


Alkene HCN donor Nitrile 


Ni catalyst 


Example (sesquiterpene chemistry) 


<R — ioe 
iy LO fy aN 
H ae H CN 


E Synthesis of alkenes by transfer retro-hydrocyanation 


H oa. CN 
pon + a> Nicatalyst wr aeyf 


Nitrile HCN acceptor Alkene 


Example (steroid chemistry) 


Safer chemistry. In contrast to the classical 
hydrocyanation reaction, a new transfer-hydrocyanation 
protocol developed by Fang et al. allows the 
interconversion of alkenes and nitriles in a safe manner 
without using toxic hydrogen cyanide (HCN). 
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transfer of hydrogen (H,) from one mol- 
ecule to the other, a process called trans- 
fer hydrogenation (4). However, only a few 
processes are known in which transition 
metals mediate the transfer of a carbon- 
containing unit. One example for such a 
group transfer process is the joint transfer 
of hydrogen and carbon monoxide (trans- 
fer hydroformylation), recently reported by 
Murphy et¢ al. (5), in a rhodium-catalyzed 
protocol that allows the interconversion 
of aldehydes and alkenes. Both this trans- 
fer hydroformylation (5) and the transfer 
hydrocyanation reported by Fang et al. 
are based on the general reversibility of 
well-known catalytic cycles. The impor- 
tant contribution of the two studies is the 
implementation of clever strategies to in- 
fluence the equilibria in a synthetically use- 
ful manner by exploiting thermodynamic 
principles. 

Nitriles are highly versatile intermediates 
in organic synthesis. Fang e¢ al.’s practical 
and safe protocols for the HCN-free trans- 
fer hydrocyanation of alkenes are likely to 
fertilize nitrile chemistry by stimulating 
the application of nickel-catalyzed hydro- 
cyanation in both academic and industrial 
laboratories. It remains to be seen, how- 
ever, whether transfer hydrogenation will 
be considered by industry for large-scale 
applications. Classical hydrocyanation is 
fully atom economic (6)—that is, all atoms 
of the reactants (HCN + alkene) end up 
in the nitrile product. In contrast, Fang et 
al.’s process involves the formation of stoi- 
chiometric amounts of by-products, which 
must be separated together with excess 
reagents. Chemical companies with experi- 
ence in the safe handling of neat HCN will 
therefore not have much reason to consider 
this method in the design of future hydro- 
cyanation processes. On the other hand, 
the new protocol has the potential to find 
application in the production of high-value 
fine chemicals, such as intermediates for 
pharmaceuticals or fragrances. & 
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INSIGHTS | PERSPECTIVES 


COMPLEX SYSTEMS 


Complexity theory and financial regulation 


Economic policy needs interdisciplinary network analysis and behavioral modeling 


By Stefano Battiston,* J. Doyne Farmer,”* 
Andreas Flache,* Diego Garlaschelli,° 
Andrew G. Haldane,* Hans Heesterbeek,’ 
Cars Hommes,*+ Carlo Jaeger,1°™ 
Robert May,” Marten Scheffer 


raditional economic theory could not 

explain, much less predict, the near 

collapse of the financial system and its 

long-lasting effects on the global econ- 

omy. Since the 2008 crisis, there has 

been increasing interest in using ideas 
from complexity theory to make sense of eco- 
nomic and financial markets. Concepts, such 
as tipping points, networks, contagion, feed- 
back, and resilience have entered the finan- 
cial and regulatory lexicon, but 
actual use of complexity models 
and results remains at an early 
stage. Recent insights and techniques offer 
potential for better monitoring and manage- 
ment of highly interconnected economic and 
financial systems and, thus, may help antici- 
pate and manage future crises. 


POLICY 


TIPPING POINTS, WARNING SIGNALS. Fi- 
nancial markets have historically exhibited 
sudden and largely unforeseen collapses, at 
a systemic scale. Such “phase transitions” 
may in some cases have been triggered by 
unpredictable stochastic events. More of- 
ten, however, there have been endogenous 
underlying processes at work. Analyses of 
complex systems ranging from the climate 
to ecosystems reveal that, before a major 
transition, there is often a gradual and un- 
noticed loss of resilience. This makes the sys- 
tem brittle: A small disruption can trigger a 
domino effect that propagates through the 
system and propels it into a crisis state. 
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Recent research has revealed generic em- 
pirical quantitative indicators of resilience 
that may be used across complex systems to 
detect tipping points. Markers include rising 
correlation between nodes in a network and 
rising temporal correlation, variance, and 
skewedness of fluctuation patterns. These 
indicators were first predicted mathemati- 
cally and subsequently demonstrated experi- 
mentally in real complex systems, including 
living systems (7). A recent study of the 
Dutch interbank network (2) showed that 
standard analysis using a homogeneous net- 
work model could only lead to late detection 
of the 2008 crisis, although a more realistic 
and heterogeneous network model could 
identify an early warning signal 3 years be- 
fore the crisis (see the chart). 

Ecologists have developed tools to quan- 
tify the stability, robustness, and resilience 
of food webs and have shown how these 
depend on the topology of the network and 
the strengths of interactions (3). Epidemi- 
ologists have tools to gauge the potential for 
events to propagate in systems of interacting 
entities, to identify superspreaders and core 
groups relevant to infection persistence, and 
to design strategies to prevent or limit the 
spread of contagion (4). 

Extrapolating results from the natural 
sciences to economics and finance presents 
challenges. For instance, publication of an 
early warning signal will change behavior 
and affect future dynamics [the Lucas cri- 
tique (5)]. But this does not affect the case 
where indicators are known only to regula- 
tors or when the goal is to build better net- 
work barriers to slow contagion. 


TOO CENTRAL TO FAIL. Network effects 
matter to financial-economic stability be- 
cause shock amplification may occur via 
strong cascading effects. For example, the 
Bank of International Settlements recently 
developed a framework drawing on data on 
the interconnectedness between banks to 
gauge the systemic risk posed to the finan- 
cial network by Global Systemically Impor- 
tant Banks. Recent research on contagion in 
financial networks has shown that network 
topology and positions of banks matter; the 
global financial network may collapse even 
when individual banks appear safe (6). Cap- 
turing these effects is essential for quanti- 
fying stress on individual banks and for 
looking at systemic risk for the network as 
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a whole. Despite on-going efforts, these ef- 
fects are unlikely to be routinely considered 
anytime soon. 

Information asymmetry within a net- 
work—e.g. where a bank does not know 
about troubled assets of other banks—can 
be problematic. The banking network typi- 
cally displays a core-periphery structure, 


“policies and financial 
regulation [that] weaken 
positive feedback... 
stabiliz[e] experimental 
macroeconomic systems...” 


with a core consisting of a relatively small 
number of large, densely interconnected 
banks that are not very diverse in terms of 
business and risk models. This implies that 
core banks’ defaults tend to be highly cor- 
related. That, in turn, can generate a col- 
lective moral hazard problem (i.e., players 
take on more risk, because others will bear 
the costs in case of default), as banks recog- 
nize that they are likely to be supported by 
the authorities in situations of distress, the 
likelihood amplifies their incentives to herd 
in the first place. 

Estimating systemic risk relies on granu- 
lar data on the financial network. Unfortu- 
nately, business interactions between banks 
are often hidden because of confidentiality 
issues. Tools being developed to reconstruct 
networks from partial information and to 
estimate systemic risk (7) suggest that pub- 
licly available bank information does not al- 
low reliable estimation of systemic risk. The 
estimate would improve greatly if banks 
publicly reported the number of connec- 
tions with other banks, even without dis- 
closing their identity. 

In addition to data, understanding the ef- 
fects of interconnections also relies on in- 
tegrative quantitative metrics and concepts 
that reveal important network aspects, such 
as systemic repercussions of the failure of 
individual nodes. For example, DebtRank, 
which measures the systemic importance 
of individual institutions in a financial net- 
work (8), shows that the issue of too-central- 
to-fail may be even more important than 
too-big-to-fail. 


sciencemag.org SCIENCE 


ILLUSTRATION: C. SMITH/SCIENCE 


AGENTS AND BEHAVIOR. Agent-based 
models (ABMs) are computer models in 
which the behavior of agents and their in- 
teractions are explicitly represented as de- 
cision rules mapping agents’ observations 
onto actions. Although ABMs are less well 
established in analyzing financial-economic 
systems than in, e.g., traffic control, epide- 
miology, or battlefield conflict analyses, they 
have produced promising results. Axtell (9) 
developed a simple ABM that explains more 
than three dozen empirical properties of 
firm formation without recourse to external 
shocks. ABMs provide a good explanation 
for why the volatility of prices is clustered 
and time-varying (10) and have been used 
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Laboratory experiments with human 
subjects can provide empirical validation 
of individual decision rules of agents, their 
interactions, and emergent macro behav- 
ior. Recent experiments studying behavior 
of a group of individuals in the laboratory 
show that economic systems may deviate 
significantly from rational efficient equi- 
librium at both individual and aggregate 
levels (14). This generic feature of positive 
feedback systems leads to persistent devia- 
tions of prices from equilibrium and emer- 
gence of speculation-driven bubbles and 
crashes, strongly amplified by coordination 
on trend-following and herding behavior 
(15). There is strong empirical evidence of 
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Early-warning signals of the 2008 crisis in the Dutch interbank network. The figure portrays a temporal analysis 
of two loops, pairs of banks that are at the same time debtor and creditor to each other. Although the raw number of 
wo loops is not very informative about possible ongoing structural changes, its comparison with a random network 
model benchmark is. A z-score represents the number of standard deviations by which the number of two loops in 

he real network deviates from its expected value in the model. Small magnitude z-scores (<3) indicate approximate 
consistency with the model, whereas larger magnitudes indicate statistically significant deviations. Two different 
random network models were used: a homogeneous network with the same total number of links as in the real network 
top) and a heterogeneous network where every bank has the same number of connections as in the real network 
bottom). The homogeneous model, often used in standard analyses, highlights only a late and abrupt structural 
change (2008). The more realistic heterogeneous model also identifies a gradual, early-warning “precrisis” phase 


2005-2007). [Modified from (2)] 


to test systemic risk implications of reforms 
developed by the Basel Committee on Bank- 
ing Supervision, which show how dynami- 
cally changing risk limits can lead to booms 
and busts in prices (1/7, 12). ABMs of market 
dynamics can be linked with ABM work on 
opinion dynamics in the social sciences (73) 
to understand how propagation of opinions 
through social networks affects emergent 
macro behavior, which is crucial to manag- 
ing the stability and resilience of socioeco- 
nomic systems. 
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these behaviors in financial markets in prac- 
tice, and these controlled laboratory experi- 
ments provide more detailed understanding 
of mechanisms, causality, and conditions for 
emergence of macro phenomena. 

A simple behavioral model, with agents 
gradually switching to better performing 
heuristics, explains individual, as well as 
emergent, macro behavior in these laboratory 
economies. The experiments also provide 
a general mechanism for managing social 
contagion in such systems. For example, 
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monetary and fiscal policies and financial 
regulation designed to weaken positive feed- 
back are successful in stabilizing experimen- 
tal macroeconomic systems when properly 
calibrated (16). Complexity theory provides 
mathematical understanding of these effects. 


POLICY DASHBOARD. It is an opportune 
time for academic economists, complex- 
ity scientists, social scientists, ecologists, 
epidemiologists, and researchers at finan- 
cial institutions to join forces to develop 
tools from complexity theory, as a comple- 
ment to existing economic modeling ap- 
proaches (17). One ambitious option would 
be an online, financial-economic dashboard 
that integrates data, methods, and indica- 
tors. This might monitor and stress-test the 
global socioeconomic and financial system 
in something close to real time, in a way 
similar to what is done with other complex 
systems, such as weather systems or social 
networks. The funding required for essential 
policy-relevant and fundamental interdis- 
ciplinary progress in these areas would be 
trivial compared with the costs of systemic 
financial failures or the collapse of the global 
financial-economic system. ™ 
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SCIENTIFIC METHODS 


Innovation inspiration 


Engaging anecdotes abound, but a new treatise on the 
process of invention falls short on actionable advice 


By Warren Lathe 


he inventor of the Post-it note, Art 
Fry, defined “inventing” as the act 
of translating a thought into an ob- 
ject. The process, he maintained, will 
likely require dreaming, prototyping, 
observation, and tinkering, ending 
with a working prototype. In her new book, 
INVENTology, Pagan Kennedy pro- 
files a variety of historical and con- 
temporary inventors in an effort to 
unpack the process of invention. 

If we take Fry’s definition of 
invention at face value, we might 
argue that humans, by our very 
nature, are inventors. One par- 
ticularly striking example is the 
case of animation. Early in human 
history, some 30,000 years ago, 
Paleolithic artists invented sys- 
tems of breaking down movement 
and visual narratives, depicting 
animals on a spinning disc, for ex- 
ample (1). From phenakistoscopes 
and zoetropes to complex three- 
dimensional computer renderings 
and computer-generated imagery 
sequences, we have since created 
ever more sophisticated ways to 
bring our stories to life. Invent- 
ing, it seems, is something we have 
been doing for millennia. 

Solutions to large global chal- 
lenges, such as climate change, 
drug-resistant infectious diseases, 
and widespread illiteracy, are 
likely to be found only if we con- 
tinue to nurture our innate ability 
to invent. As Kennedy rightly points out in 
several places throughout the book, mod- 
ern society is defined by an amazing set of 
tools and capabilities that should cultivate 
such innovation: instantaneous mass com- 
munication through the Internet, the abil- 
ity to crowdsource funding and ideas, the 
plummeting cost of technology, and even 
the proliferation of community-oriented 
workspaces known as “makerspaces.” Her 
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goal—to delineate and illuminate “how we 
dream up things that change the world’—is 
therefore a worthy one. 

Kennedy breaks the book into sections 
that are intended to reflect different as- 
pects of the invention process—problem 
finding, discovery, prophecy, connecting, 
and empowerment—and uses a series of an- 
ecdotes about inventors to illustrate these 


Crowdfunding sites allow modern inventors to “fail rapidly and cheaply” 
when a promising product misses the mark with potential customers. 


elements. At times, these tales are inspiring 
and can be quite illustrative. For example, 
in the “Prophecy” section, Kennedy tells the 
story of Martin Cooper and his ability to en- 
vision a future in which our innate desire 
to be mobile ultimately led to the creation 
of the cell phone. The notion that “one day 
everyone would be issued a phone number 
at birth that would be retired at death” was 
something Cooper liked to joke about in the 
1960s, when such a thing was unfathom- 
able. Such anecdotes invite us to consider 
a future unburdened by the constraints of 
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INVENTology 

How We Dream Up 
Things That Change 
the World 

Pagan Kennedy 
Houghton Mifflin Harcourt, 
2016. 304 pp. 


current expectations and technology. 

Several other anecdotes throughout the 
book were just as fascinating and well 
crafted, but I frequently found myself won- 
dering how they related to the author’s 
stated goal of extracting lessons from such 
stories (“What can the rest of us learn from 
the data on successful invention?”). Near the 
end of INVENTology, for example, Kennedy 
tells the story of Genrich Altshuller, the So- 
viet inventor and science fiction writer who 
was imprisoned and charged with 
a long list of political crimes for 
composing an open letter to Sta- 
lin criticizing the Communist re- 
gime’s stifling effects on creativity. 
Although she describes Altschul- 
ler’s story with great care—detail- 
ing, for example, how he crafted a 
set of “paper eyes” that fooled the 
guards charged with depriving him 
of sleep during his imprisonment— 
it is not clear how one might gain a 
sense of “empowerment” (the title 
of the section) from the story. 

The penultimate chapter illus- 
trates the greatest weakness of 
INVENTology. In “Tinkering with 
Education,’ Kennedy spends most 
of the chapter telling the story of 
Saul Griffith, an MIT Media Lab 
graduate who is working to de- 
velop a curriculum that teaches 
inventive thinking. However, she 
neglects to clearly tie this story 
to any broader ideas about how 
we do and might teach that mind- 
set. Even a short telling of some of 
the many initiatives under way in 
the United States and around the 
world would have been helpful. 

There is a rich history of invention and 
creation in human history, and there is 
much to be learned about how we do it. 
INVENTology touches on some of what 
we have learned and at times can be quite 
inspiring. However, on finishing the book, 
readers may still find themselves wonder- 
ing how exactly we as a society can nurture 
and encourage invention. 
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If a tree falls in a forest... 


Will a podcast about climate change reach 
the audiences that need to hear it most? 


By Gregory R. Goldsmith 


n desperate times, just how desperate 

are the measures we are willing to pur- 

sue? The stark implications of climate 

change are leading to no shortage of 

proposals. Should we drink water re- 

cycled from flushed toilets? Or try to 
generate electricity from massive artificial 
tornadoes? What if we could engineer hu- 
mans to have cat eyes that are capable of 
seeing in lower light so as to reduce night- 
time energy use? That last idea prompts 
Flora Lichtman to break stride and voice 
aloud what many of us are likely thinking: 
“Are you for real?” 

Lichtman is the host of the podcast series 
The Adaptors, which explores innovative 
ideas for mitigating climate change. New 
episodes have been released about twice a 
month and have often been accompanied by 
a short video on the program’s website. The 
episodes vary in length but average between 
10 and 15 minutes. There’s even an interac- 
tive component called “Climate Confessions,” 
in which listeners are invited to call in and 
reveal their personal struggles to be better 
stewards of the environment. The series, 
produced by Katherine Wells, just completed 
its first year with major funding from the Al- 
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fred P. Sloan Foundation and now awaits ad- 
ditional funding for further episodes. 

Lichtman is a veteran of the public radio 
program Science Friday and the coproducer 
of the brilliant Animated Life video series (1). 
Her style invokes a comfortable conversation 
with a friend: always informative but not 
overly reverent or scripted. While describing 
the sludge used to produce methane in the 
New York City wastewater treatment plant, 
Lichtman confides that “it smells..-yeah... 
like you would expect, and although it looks 
probably like you would expect, too, I felt 
compelled to take a ton of photos.” 

Episodes of The Adaptors are intrinsi- 
cally stories about people. From conser- 
vation biologist Joel Berger, who carries 
photos of yaks in his wallet, to astronaut 
Cady Coleman’s frank discussion of waste- 
water recycling on the International Space 
Station, the series has done a fantastic job 
of finding compelling subjects to feature on 
the program. 

The series frequently weighs in on com- 
plex and difficult issues, including the eco- 
logical and evolutionary implications of 
climate change, but it is at its best when 
the topics border on the implausible, such 
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From energy-efficient “Earthships” to 
sex-swapping lizards, unusual adaptations 
to climate change take center stage in 
The Adaptors. 


as when ethicist Matthew Liao proposes 
giving humans fur to help us cope with ex- 
treme weather. 

And yet, despite the engaging nature of 
The Adaptors, it’s hard not to wonder who 
exactly is tuning in to hear about climate 
change on a regular basis. Both in episodes 
of The Adaptors and in interviews elsewhere, 
Lichtman has been quick to note the diffi- 
culties associated with winning and sustain- 
ing interest in climate change. True, those 
who are likely to read this review will no 
doubt enjoy the podcast, but talking climate 
change to scientists is like preaching to the 
choir. Yes, they’ll learn something new, but 
they already believe deeply in the tenets. 

Given that research suggests that those 
with partisan views on a highly politicized 
topic such as climate change are more likely 
to seek out information consistent with 
their viewpoint (2, 3), it follows that efforts 
like that of The Adaptors face an uphill 
battle in educating a broad audience. What 
would motivate someone to tune in when 
there are so many other options competing 
for their attention? 

Time is running short on climate change, 
and resources for science engagement are 
limited. We must think carefully about 
whether such efforts are the best way to en- 
gage everyone. But given that we still need 
all the intelligent and thought-provoking 
information we can get on this topic, The 
Adaptors represents a clever, edgy contribu- 
tion to the climate conversation. 
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Plant scientists: 
GM technology is safe 


THE AMERICAN SOCIETY of Plant 
Biologists (ASPB) “supports the continued 
responsible use of genetic engineering... 
as an effective tool for advancing food 
security and reducing the negative envi- 
ronmental impacts of agriculture” (7). A 
recent petition advocating the ASPB posi- 
tion collected more than 1400 signatories 
from the plant science community (2). The 
ASPB, the petition signatories, and other 
scientists in governmental and scientific 
organizations throughout the world (3, 4) 
demonstrate a clear consensus: Current 
use of genetic modification technology for 
crops is safe and effective, and future use 
should be guided by scientific evidence. 

Despite such broad support for the tech- 
nology, anti-genetically modified organism 
(GMO) advocates have had an extensive 
and troubling impact on policy—at the 
governmental level and through biasing 
public opinion—regarding the use of GMO- 
based ingredients in consumer products 
and food. More worrisome is that these 
arguments are often founded on science 
previously demonstrated to be unsound (5), 
such as the retracted Séralini et al. paper 
(6), which claimed that rats fed genetically 
modified corn and the herbicide RoundUp 
have higher rates of tumor formation. 


The European Network of Scientists for 
Social and Environmental Responsibility 
(ENSSER) organized a petition signed by 
313 individuals in 2013 claiming that “no 
consensus” exists regarding the safety of 
GMOs for human health and the environ- 
ment (7). Commercial entities have seized 
upon ENSSER’s statements. The Non-GMO 
Project, for example, cites the ENSSER peti- 
tion (8) in its efforts to verify the absence of 
GMOs in over 4500 branded products. The 
fast-food restaurant chain Chipotle cites 
the ENSSER petition to justify a campaign 
against GMO ingredients (9). 

Questions abound about how to best 
implement GM technologies, but as we 
move forward, we must make decisions 
informed by science. To meet our current 
and future food supply demands, with- 
out destroying our planet, we need every 
efficacious tool available (10). We hope that 
the consensus on GM technology among 
plant scientists is heard by policy-makers, 
the business community, and the general 
public. We invite advocates of the respon- 
sible use of such tools to make your voices 
heard to encourage a scientific approach in 
agricultural research and GMO policy. 

Noah Fahlgren,' Rebecca Bart,' Luis 
Herrera-Estrella,? Rubén Rellan-Alvarez,? 
Daniel H. Chitwood,'* José R. Dinneny** 
1Donald Danforth Plant Science Center, St. Louis, 
MO 63132, USA. 2Nacional de Genémica para la 
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Protect the Tasmanian 
wilderness 


AUSTRALIA'S TASMANIAN Wilderness 
World Heritage Area (TWWHA) is one 

of the three largest remaining temper- 

ate wilderness regions in the Southern 
Hemisphere (1). It covers about 1.6 million 
hectares, almost a quarter of Australia’s 
State of Tasmania (/). Pristine wilderness 
is the most important core value of the 
region. 

In January 2014, to encourage local 
economic growth, the Australian federal 
government sought to remove 74,039 
hectares of land from the TWWHA (2). 
Although the request was rejected by the 
World Heritage Committee in June 2014 
(3), the Tasmanian state government still 
supports housing, airport, road, mining, 
and logging projects within the TWWHA. 
The World Heritage Committee urged 
the federal government to stop any such 
development within the property (4). It is 
unclear how the federal government will 
address the Committee’s demand, which 
leaves the values and integrity of the 
TWWHA at risk. 

Australia is only the third country in the 
world, after Oman and Tanzania, to seek 
the delisting of its World Heritage areas 
(5). Australian governments, especially 
the federal one, should show leadership 
in implementing the World Heritage 
Convention. Local and national com- 
munities should also raise their voices 
to politicians and governments to make 
clear that the values and integrity of the 
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Mount Pelion East in the Tasmanian Wilderness World Heritage Area. 


TWWHA cannot be sacrificed by any 
socioeconomic development. 
Xiaojiang Yu 
School of Geosciences, University of Sydney, 


Sydney, NSW 2006, Australia. 
E-mail: xiaojiang.yu@sydney.edu.au 


REFERENCES 
1. Department of Primary Industries, Parks, Water and 
Environment, Tasmania, The 2014 Draft Tasmanian 
Wilderness World Heritage Area Management Plan 


(Hobart, 2014). 


. A.Darby, “Abbott government to cut 74,000 ha of forest 


from World Heritage Zone,” Sydney Morning Herald (31 
January 2014). 


. The World Heritage Committee, Decisions Adopted by 
the World Heritage Committee at Its 38th Session (Doha, 


2014). 


. The World Heritage Committee, Decisions Adopted by 
the World Heritage Committee at Its 39th Session (Bonn, 


2015). 


. B.Williams, “Bob Brown says UNESCO decision on 


Tasmanian World Heritage Forests is a bittersweet 
victory,” Courier-Mail (24 June 2014). 


TECHNICAL COMMENT 
ABSTRACTS 


Comment on “Cortical folding scales 
universally with surface area and 
thickness, not number of neurons” 
Marc H. E. de Lussanet 

The cerebrum of large mammals is con- 
voluted, whereas that of small mammals 
is smooth. Mota and Herculano-Houzel 
(Reports, 3 July 2015, p. 74) inspired a 
model on an old theory that proposed a 
fractal geometry. I show that their model 
reduces to the product of gray-matter 
proportion times the folding index. This 
proportional relation describes the avail- 
able data even better than the fractal 
model. 

Full text at http://dx.doi.org/10.1126/science. 
aad0127 


Comment on “Cortical folding scales 
universally with surface area and 
thickness, not number of neurons” 
Eric Lewitus, Iva Kelava, Alex T. Kalinka, 
Pavel Tomancak, Wieland B. Huttner 
Mota and Herculano-Houzel (Reports, 3 
July 2015, p. 74) assign power functions to 
neuroanatomical data and present a model 
to account for evolutionary patterns of 
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Teaching trust with art 


s a young medical intern, I spent 3 months in the northern 

Indian village of Qutabgarh, Kanjhawala, working in a 

single-room dispensary. Early on, I realized that many 

patients did not trust doctors. Most patients were poor, 

with elementary or no education, and medical jargon made 
them suspicious. Pen and paper became my best friends. Simple 
drawings that conveyed medical information as stories helped 
reassure anxious patients. 

For a mother whose child wouldn’t suckle, I drew a picture 
of what was ailing her child’s gut. Once she understood the 
problem, I was able to convince her to visit the city doctor 
I recommended. A skeptical old man 
with trichiasis kept insisting that he 
just needed more eye drops, until I 
convinced him with drawings that he 
needed to get the offending eyelashes 
removed too. My illustrations also 
helped persuade parents to get their 
children vaccinated in time. Children 
everywhere fear doctors, but they love 
stories. The dispensary’s porch and the 
garden thus became an excellent stage. 
Short stories and bits of dramatics about 
the grumpy, growling bacteria and the 
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slimy worm feasting in their gut mesmerized them and moti- 
vated them to take their medicine and listen to their mothers. 
As communication and trust grew, we began to handle more 
sensitive cases, such as taking into confidence the parents and 
spouse of a young man with hepatitis B to get vaccinations 
for them and proper treatment for him. Within a couple of 
months, the number of patients grew from 40 to nearly 200 
every day. The village chiefs noticed, giving us an opportunity 
to educate them about drinking water, sanitation, and quacks. 
Now I practice both medicine and science, and I have access 
to computers, cartoons, animations, and movies to help explain 
medical concepts. But my time at this village taught me that 
one-to-one communication builds the strongest bridges. I 
practice it to this day with people from all walks of life, from 
rickshaw pullers and street children to senior doctors and 
scientists. When faces I have long 
forgotten come and tell me how we 
transformed their lives, it reinforces 
my faith in good communication and 
my responsibility to advocate science. I 
have always held on to the first lesson 
from my textbook of internal medicine, 
that the word “doctor” (Latin: docere) 
literally means “to teach.” 
Prashant Sood 
Institute of Medical Sciences, University of 
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cortical folding in the mammalian brain. 
We detail how the model assumptions are 
in conflict with experimental and observa- 
tional work and show that the model itself 
does not accurately fit the data. 

Full text at http://dx.doi.org/10.1126/science. 
aad2029 


Response to Comment on “Cortical 
folding scales universally with surface 
area and thickness, not number of 
neurons” 

Bruno Mota and Suzana Herculano-Houzel 
De Lussanet claims that our model that 
accounts for the degree of folding of the 
cerebral cortex based on the product of 
cortical surface area and the square root 
of cortical thickness is better reduced to 
the product of gray-matter proportion and 
folding index. Lewitus e¢ al., in turn, claim 
that the assumptions of our model are in 
conflict with experimental data; that the 
model does not accurately fit the data; and 
that the ancestral mammalian brain was 
gyrencephalic. Here, we show that both 
claims are inappropriate. 

Full text at http://dx.doi.org/10.1126/science. 
aad2346 


Comment on “Global assessment 

of arbuscular mycorrhizal fungus 
diversity reveals very low endemism” 
Thomas D. Bruns and John W. Taylor 
Davison et al. (Reports, 28 August 

2015, p. 970) claim that virtual taxa of 
Glomeromycota show little endemism and 
that endemism that exists is similar to 
the levels seen in plant families. We show 
that this is likely due to the conservative 
species definition rather than to any eco- 
logical pattern. 

Full text at http://dx.doi.org/10.1126/science. 
aad4228 


Response to Comment on “Global 
assessment of arbuscular mycorrhizal 
fungus diversity reveals very low 
endemism” 

Maarja Opik, John Davison, Mari Moora, 
Meelis Partel, Martin Zobel 

Bruns and Taylor argue that our find- 

ing of widespread distribution among 
Glomeromycota “virtual taxa” is under- 
mined by the species definition applied. 
Although identifying appropriate species 
concepts and accessing taxonomically 
informative traits are challenges for micro- 
organism biogeography, the virtual taxa 
represent a pragmatic classification that 
corresponds approximately to the species 
rank of classical Glomeromycota taxonomy, 
yet is applicable to environmental DNA. 
Full text at http://dx.doi.org/10.1126/science. 
aad5495 
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Comment on “Cortical folding scales 
universally with surface area and 
thickness, not number of neurons” 


Marc H. E. de Lussanet 


The cerebrum of large mammals is convoluted, whereas that of small mammals is smooth. Mota 
and Herculano-Houzel (Reports, 3 July 2015, p. 74) inspired a model on an old theory that 
proposed a fractal geometry. | show that their model reduces to the product of gray-matter 
proportion times the folding index. This proportional relation describes the available data even 


better than the fractal model. 


question that has inspired generations of 

neuroanatomists is why our cerebrum is 

walnut-shaped—and why that of small mam- 

mals is lissencephalic (smooth), whereas that 

of the largest ones is even more strongly 

convoluted than our own. Mota and Herculano- 
Houzel claim to have solved this mystery (1). 

At least two earlier models exist that make 
quantitative predictions for the scaling of the 
mammalian cerebrum. Braitenberg (2) used a small 
data set and found that his model fits relatively 
small cerebra but not the human data. A larger 
data set (3) has confirmed that Braitenberg’s 
model fails dramatically for all large brains. Zhang 
and Sejnowski (4) did validate their model using a 
large data set, with very good results. Unfortunately, 
a closer look shows that they assumed that the 
cortical thickness scales with cerebral size by a 
power law, which is not the case (5). It can be 
shown that correcting for this is fatal for Zhang 
and Sejnowski’s model (6). 

Thus, it is great news if a scaling relation is 
found that does have a theoretical and quantita- 
tive biological underpinning. Mota and Herculano- 
Houzel developed a 25-year-old hypothesis that 
the folding pattern of the mammalian cerebrum 
follows a fractal geometry and scaling (7). Fractal 
geometry is the self-similarity over a large range 
of scales. Classical examples from nature are coastal 
lines (8) and clouds (9). Mota and Herculano- 
Houzel derived a scaling relation using a model 
that was based on the tension hypothesis by 
D. C. Van Essen (0). 

The authors did not acknowledge that the 
fractal hypothesis was first formulated by Hofman 
(7) [although they did use his data set (72)]; more- 
over, the tension model was only referred to in 
the supplement, and none of the existing quan- 
titative models for cerebral scaling relations were 
cited. 
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The scaling relation derived by Mota and 
Herculano-Houzel is 


KAP!* = Ap /T (1) 


with the exposed cortical surface area, the 
total cortical surface area, and cortical thick- 
ness T. Let us call the dimensionless constant 
k the “fractal constant.” Mota and Herculano- 
Houzel defined cortical thickness as “equivalent 
thickness,” which is the ratio of gray-matter 
volume to the cortical surface area T =V@/Ar. (12) 

Given the huge size range of mammalian ce- 
rebra, relations are typically plotted on a double 
logarithmic scale, which has the disadvantage 
that deviations appear to be very small and pro- 
vide values that are very close to 1. A standard 
method to display the goodness of fit is to plot 
the residuals (Fig. 1A). 

Given that T =V@/Av, the fractal model can be 


written as 
Abl* = hy/ArVq (2) 
Taking the square and solving to & gives 


2 — Arve) (3) 
(ay) 

For better comparability, k’, rather than k, will 
be used in the following. Obviously, the fractal 
constant is not nearly constant but increases with 
the exposed surface area (Fig. 1B), consistent with 
the trend in the fitting residual (Fig. 1A). In the 
original manuscript (J), this fact was hidden: 
Rather than showing the model fit, the authors 
chose to fit not only & but also the power of Ag, 
and concluded that the power (1.29) was “close 
to” 5/4. However, this seemingly small difference 
between fitted and predicted power is statisti- 
cally highly significant: ¢(56) = 8.2, P < 0.0001. 
An implicit assumption of Mota and Herculano- 
Houzel is that the overall shape of the cerebrum 
scales in an isometric manner (i.e., that the over- 
all, “exposed” shape is independent of the size of 
the cerebrum). This assumption can be made ex- 
plicit, as follows. For a perfect sphere, the rela- 


tion between the exposed surface Asphere and the 


‘ 3/2 P 
total volume Vophere: iS Vsphere = GAs with 


o = x Vn. Because a cerebral hemisphere is not 
a perfect sphere, its volume is smaller than that 
of a perfect sphere that has the same surface area. 
We can therefore write for the relation between 
the exposed surface and the cerebral volume, 
Vy = osA?/ 2 with s < 1 being a constant that 
expresses the sphericity of the cerebrum. Thus, 
substituting Eq. 3 with Atl * = Ap x Ail — 
ApVy/os gives 


—o“T (4) 


with the “folding constant” kappa, « = osk?, a 
new dimensionless cerebral parameter (Fig. 1C). 
Thus, what looked like a fractal dimension of the 
outer surface in Eq. 1 is simply the product of the 
proportion of gray-matter volume V/V; times 
the folding index I = Ay/Ag. 

We conclude, first, that what looked like a com- 
plex fractal relation between exposed surface, 
total cortical surface, and cortical thickness is 
really a simple proportional relation of gray-matter 
volume and the folding index. Consequently, there 
is a proportionate relation Vr oe! es provided that 
the exposed shape of the cerebrum is approxi- 
mately invariant. Here lies the critical difference 
between Eqs. 1 and 4: Whereas Eq. 1 involves 


Ab > Eq. 4 uses the product of Ay/Vy, 


Second, k” and « are not simply equivalent 
because they differ by a factor os where the 
sphericity s of the cerebral hemispheres differs 
between species (3). Whereas & is a just a fitting 
constant without biological meaning (Eq. 1), « 
has direct biological relevance, being the prod- 
uct of the folding index and the proportion of 
gray matter. Here, the data clearly speak in favor 
of the proportional relation (Eq. 4), because « 
has a much smaller coefficient of variance (COV) 
than k°. This is even clearer when comparing 
cerebra of similar exposed surface area (see Fig. 
1, B and C). The difference between the vari- 
ances is statistically reliable [F(41,41) = 0.4, P = 
0.009, after removal of a linear trend]. 

This brings us to a third conclusion. Because « 
shows extraordinary little variance for cerebra of 
similar size, the figure reveals that « increases with 
cerebral size in a complex manner. Since « ~ 1 for 
Ax < 10? mm? but gradually increases for larger 
cerebra, the relation between « and cerebral size 
cannot be explained by a simple power relation (13). 

Mota and Herculano-Houzel motivated their 
supposed fractal relation with a developmental 
growth model that was inspired by the tension 
model (10). The present analysis suggests that 
their model fails to explain a trend in the data 
that cannot be mended in a simple manner, such 
as slightly changing the power relation as Mota 
and Herculano-Houzel did. The data also strongly 
suggest that the model addresses the wrong par- 
ameters (Ae * instead of AgVr). Nevertheless, we 
cannot conclude that the cerebral surface does 
not have a fractal shape, because there is no evi- 
dence against that. However, at present there is 
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Fig. 1. The residual of the fractal model shows a marked trend, whereas the folding constant « describes the data better than the fractal constant. 
(A) The residuals of the fractal model (Eq. 1) show a clear trend as a function of the exposed surface (in log units; note that 0.3 log scale corresponds to 
approximately a factor of 2). (B) The dimensionless fitting constant of the fractal model, here expressed as k°, shows the same trend (COV = 0.53). Mean and 
SD are indicated by the gray band. (C) The dimensionless folding constant « has a considerably smaller COV (0.39) than k?. Data are shown for the 40 


species (N = 42) from (1) for which the Ag, Vy, and Vg are reported in the original studies. 


no evidence, empirical nor theoretical, in favor of 
aclear fractal relation. A more promising strategy 
would probably be to return to the definition of 
fractal shapes and analyze the self-similarity of 
the cortical surface of a few, particularly strongly 


lack of REM sleep (/4), to increased glia for 
heating the brain (15). 

However, the fractal model does not describe 
the data satisfactorily. The « model describes the 
relation to the exposed surface area better, but, 


5. M.A. Hofman, Prog. Neurobiol. 32, 137-158 (1989). 

6. Using the logarithmic relation of Hofman (5) or the fit of the 
cortical thickness by de Lussanet [figure S1 in (3)] leads to 
large errors, especially for small cerebra. 

7. M.A. Hofman, J. Hirnforsch. 32, 103-111 (1991). 

8. B.B. Mandelbrot, Proc. Natl. Acad. Sci. U.S.A. 72, 3825-3828 


convoluted, cerebra across a range of scales, as | paradoxically, the systematic increase of « with (1975). 
3 : be ae 9. F. S. Rys, A. Waldvogel, Phys. Rev. Lett. 56, 784-787 
well as to search for a folding rule, rather than | cerebral size shows even more convincingly that (1986) 


plotting the whole variety of mammalian species. 

Small mammalian cerebra consist almost en- 
tirely of gray matter (4) and are lissencephalic so 
that « ~ 1. Larger, convoluted, cerebra have an 
increasingly large proportion of white matter so 
that the ratio V</Vr is less than one. Because, for 
these cerebra, the folding index increases dis- 
proportionately to the reduction in the fraction 
of gray-matter volume, « is larger than one. Also, 
even though the cetaceans seem to be less extreme 
in terms of « than in terms of k”, they might still 
be systematically off the general trend for mam- 
malian cerebra. Explanations range from the 
exclusively aquatic life mode, which seems to 
increase cortical thickness (i.e., Vq) as a result of 
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both models fail to explain the scaling relation of 
the cerebrum. Obvious “repairs” by fitting the 
power as in Mota and Herculano-Houzel (7), or 
as given in note (13), lack theoretical biological 
underpinning. Thus, the remarkably regular scaling 
relations of the mammalian cerebrum remain a 
highly intriguing but yet unsolved mystery. 
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Comment on “Cortical folding scales 
universally with surface area and 
thickness, not number of neurons” 


Eric Lewitus,’* Iva Kelava,” Alex T. Kalinka,? Pavel Tomancak,* Wieland B. Huttner** 


Mota and Herculano-Houzel (Reports, 3 July 2015, p. 74) assign power functions to 
neuroanatomical data and present a model to account for evolutionary patterns of cortical 
folding in the mammalian brain. We detail how the model assumptions are in conflict 
with experimental and observational work and show that the model itself does not 


accurately fit the data. 


ow brains evolve to store more informa- 

tion has always been of interest to neuro- 

biologists. There is clear evidence that 

changes in neuron production during de- 

velopment affect cortical morphology in 
adulthood (e.g., primary microcephaly) and that 
both neuron production and cortical morpholo- 
gy vary considerably across mammalian species. 
However, there remains considerable controversy 
over what developmental mechanisms and evolu- 
tionary selective pressures drive the cortex to fold 
as it does. Mota and Herculano-Houzel (J) recent- 
ly presented a model that aims to explain both the 
developmental and evolutionary drivers of corti- 
cal folding through a single, universal power law. 
They arrive at their model using regression analy- 
ses on interspecific data and mathematical eval- 
uations of the fractal folding patterns of paper. We 
think, however, that the authors have overlooked 
some key findings that may call into question some 
of their analytical assumptions and that giving 
a second thought to some of the decisions the 
authors made in their analyses can only help to 
strengthen what we know about development and 
evolution of the mammalian brain. 

The authors conclude that the cortical folding 
index regresses against brain mass with a “fairly 
low r”.” There are several issues here. First, it is 
never explained how surface area and cortical 
thickness are calculated across all species and 
studies. No single method is indicated or expli- 
cated. Considering data were collected from stu- 
dies that used different source material (histological 
slides and MRIs), different preservation techniques 
(formalin immersion and paraformaldehyde fixa- 
tion), different methods (stereology and pachy- 
metry), and that span 40 years of data collection, 
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we think some deliberation on the effect of mea- 
surement variability on the authors’ results is 
warranted. Second, an 7” = 0.75 (P < 0.0001) is 
considerably robust and should really only be 
considered “fairly low” if compared with other 
models. Third, figure 1E in (2) shows that “the 
folding index does not vary as a significant power 
function of cortical thickness across gyrencephalic 
species,” something that was previously shown (2). 
Fourth, the regression analysis is conducted on 
only a selection of species (i.e., those below a cer- 
tain folding index). As folding index is a contin- 
uous trait, the authors need to present some 
statistical justification for removing those data 
from their analysis. Previous work has found that 
the relationship between folding index and brain 
mass (and cortical neuron number) is best fit by 
two linear functions, leading to two mammalian 
groups (3), a result that is further supported by 
clustering analyses and phylogenetic modeling 
on gyrencephaly and life-history traits. There- 
fore, we think the authors’ claim that there are 
not “two clusters of gyrencephaly” is not justified. 
If they are confident that their model fits the data 
better than previous models, then it is incumbent 
on them to demonstrate it. 

Further to this point, we reanalyzed the Mota 
and Herculano-Houzel data from table S1in (), 
which contains cortical surface area (4g) and 
thickness (7) estimates for 57 species. We show 
that Ag and T predict two clusters of species, one 
with a gyrencephaly index (GI) below 1.5 and one 
with a GI above 1.5 (Fig. 1). This recovers the orig- 
inal result reported in (3), in which high- and low- 
GI groups were identified with a boundary GI 
value of 1.5. Figure 1 helps to clarify that species 
transitioning from the low- to the high-GI group 
must do so by increasing their cortical surface 
area with relatively little change in their cortical 
thickness. 

If, as the authors assert, “the degree of gyri- 
fication is much larger in artiodactyls than in pri- 
mates,” “a better fit is found for total surface area” 
as a function of folding index, and “the precise 
relationship between T and Ag across gyrence- 


phalic species differs across orders,” then some 
statistical support needs to be implemented. This 
last statement, in particular, requires further anal- 
ysis, because previous work has shown that the 
relationship between T and Ag disappears when 
phylogenetic relatedness, a hallmark of species 
comparisons (4), is taken into account (2). The au- 
thors cite (2, 3) as corroborating evidence that 
“gvrification actually scales differently across mam- 
malian orders,” even though the cited work shows 
quite the opposite. 

The most recent common mammalian ances- 
tor was gyrencephalic (3, 5). There have been 
many transitions in mammalian evolution from 
gyrencephaly to lissencephaly (3, 6). Experimental 
work in the marmoset has shown that, despite 
being a lissencephalic species, it retains the neu- 
rogenic program of a gyrencephalic species (6). 
Together, these studies suggest that species may 
evolve a lissencephalic phenotype from a gyrence- 
phalic one, exemplifying secondary lissencephaly. 
The authors do not address this evidence in their 
claim that “there is no such thing as ‘secondary 
lissencephaly”, nor in their interjection that “Re- 
markably, there is no a priori reason for lissenceph- 
aly.” They furthermore suggest that the earliest 
mammalian brain was “smooth,” citing as evi- 
dence work that makes no claim whatsoever to 
the smoothness of the earliest mammalian brain 
[reference 31 in ()]. 

Finally, there is formidable corroboration for a 
positive role of the developmental neurogenic 
program in determining the folding pattern of the 
adult cortex. Experimental work in mammals has 
demonstrated a predictive relationship between 
the distribution of neuron progenitors along the 
ventricle during development and the program- 
med pattern of gyri and sulci in the adult (7). 
These patterns are preceded by distinct gene ex- 
pression profiles particular to prospective gyri 
and sulci in the developing neocortex (8). This ex- 
plains, in part, why we see conserved patterns of 
cortical folding across closely related species, 
even when those species have considerably differ- 
ent folding indices [see (2)]. The authors’ “crum- 
pled paper” model—which claims that gyrencephaly 
is not achieved “through the generation of larger 
numbers of neurons” but is instead the mecha- 
nistic by-product of surface area expanding faster 
than cortical thickness over evolutionary time— 
does not account for these phenomena observed 
across species at the morphological, cellular, and 
genomic level. 

The analytical and conceptual approach that 
Mota and Herculano-Houzel bring to the study 
of cortical development is crucially important 
and presents great potential in moving the field 
forward. However, we think the claims they make 
are not sufficiently supported and therefore should 
not yet be taken as rote formulae for explaining 
mammalian brain evolution. 
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Fig. 1. Two clusters of mammalian species with GI values either below or above 1.5. Total Ag and T 
data [table S1 in (1)] were log-transformed, and a mixed clustering algorithm that uses factorial analysis 
and a combination of hierarchical (Ward's method) and K-means clustering was used to sort the species 
into distinct groups [implemented in the R package FactoClass (9)]. The clusters are shown using the 
two principal components of the data (GI < 1.5, blue circles; GI > 1.5, red squares). Relevant species, or 


PC1 (98%) 


groups of species, are highlighted. The cat (Felis catus) is not shown [see (3)]. 
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Response to Comments on “Cortical 
folding scales universally with surface 
area and thickness, not number 


of neurons” 


Bruno Mota’ and Suzana Herculano-Houzel?* 


De Lussanet claims that our model that accounts for the degree of folding of the cerebral 
cortex based on the product of cortical surface area and the square root of cortical 
thickness is better reduced to the product of gray-matter proportion and folding index. 
Lewitus et al., in turn, claim that the assumptions of our model are in conflict with 
experimental data; that the model does not accurately fit the data; and that the ancestral 
mammalian brain was gyrencephalic. Here, we show that both claims are inappropriate. 


n our original Report (7), we showed for the 

first time that the relationship between total 

surface area (A) and exposed surface area 

(Ag) of the mammalian cerebral cortex can 

be universally described, across lissencephalic 
and gyrencephalic species alike, by the power 
function A;TY? = kAy?® * °° where T is the 
average thickness of the cortical gray matter (Fig. 
1A). Our model predicts the degree of folding of 
the mammalian cerebral cortex (that is, the rela- 
tionship between Ay and_Ag) with an 7° of 0.998; 
that is, 99.8% of the variance in A;7”” across 
species is explained by the variation in kA,'?””. 
The empirical function is very close to our theo- 
retical function ArT’? = KA,!?° that expresses 
the relationship between A; and Ax, given 7, that 
minimizes the effective free energy of a growing 
cortical volume—that is, the function that describes 
the most stable conformation of a growing, elastic, 
deformable cerebral cortex given its surface area 
and thickness. We thus propose that folding oc- 
curs as the expanding cortex, during development, 
settles at each moment in time into the most 
energetically favorable conformation, one that de- 
pends simply on its current combination of Ay 
and 7, not number of neurons. 

Based on the calculation from our data of values 
of & for the theoretical exponent of 1.25, de Lus- 
sanet notes that the residuals of the function 
AqTY? = kA,'”, that is, k, vary systematically with 
increasing A, across species (2). This indicates a 
(presumably hidden) significant discrepancy be- 
tween the exponent for Ag predicted by our effec- 
tive free energy-minimization theory and the 
empirical exponent 1.305 (excluding cetaceans) 
that is found in the data. Our original Report 
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makes it clear that, with a value of 1.305 + 0.010, 
the exponent for A, that best fits the data is close 
to, but statistically distinguishable (given the stan- 
dard error) from, the theoretical exponent of 1.250, 
which is not surprising for a mean-field model 
based on a number of simplifying assumptions. 

The origin of the discrepancy of 0.055 in the 
scaling exponent is an important question. In 
purely theoretical terms, the use of Ay as an order 
parameter was a necessary simplification, based 
on the expected relationship Vy ~ A,’/? [made 
explicitly in the supplementary information in (J), 
and a good empirical approximation, given that 
we obtain V; ~ A,'°”]. Whether modifications to 
correct for Gaussian curvature of the surface and 
the presence of deep nuclei would suffice to close 
the gap of 0.055 between theoretical and empir- 
ical exponents is an open question. 

That our theory-based empirical relationship 
of exponent 1.305 nevertheless successfully pre- 
dicts a single relationship that applies universally 
to both lissencephalic and gyrencephalic cortices 
can be shown using de Lussanet’s own recourse 
of calculating & and examining for systematic 
variation. As shown in Fig. 1B, we find that k = 
(AyTY?)/Ay?°, calculated for each data point, 
does not vary significantly with A; across non- 
cetacean species [cetaceans are examined in the 
supplementary information in (J)]. 

Next, de Lussanet assumes, as we did, that the 
total cortical volume V; and exposed area Ax are 
related as Vy ~.A,,"’? and rearranges the terms in 
our scaling law to give k = (A7/Ag)(Vq/V_). This 
equation, however, is tautological: It carries ex- 
actly the same information as the original relation- 
ship in our model, because it is simply a rewriting 
based on no distinct biological foundation. More- 
over, the rewriting is explicitly dependent on an 
exponent of precisely 1.25. Given that de Lus- 
sanet himself shows (and we agree) that the em- 
pirical exponent is significantly different from 


1.25, it follows that his rearrangement is not 
mathematically valid. That his proposed “model” 
with no theoretical basis other than our own fails 
to fully account for the data by his own standards 
is shown in Fig. 1C: The constant « predicted by 
his formula is not invariant but rather varies 
systematically with Ay, in contrast to the constant 
k calculated using our empirical relationship (Fig. 
1B). We thus believe that our empirical scaling 
relationship with an exponent of 1.305 + 0.010, 
which is a very good approximation of the theo- 
retical equation that describes the combination 
of parameters that minimize the effective free 
energy of the cortical volume, offers for the first 
time a useful and robust predictive account of 
the degree of cortical folding across mammalian 
species. This is in contrast to the work of Hofman 
(3), who identified not one universal function bet- 
ween Ay and Ag, but three, which applied separate- 
ly to lissencephalic species, terrestrial gyrencephalic 
species, and marine gyrencephalic species. 

We used exclusively data on surface area and 
cortical thickness that had already been published. 
Contrary to the claim of Lewitus et al. (4), all orig- 
inal reports were cited in the text, and those 
reports explained extensively how Ay, Ag, and T 
were obtained according to the standards in the 
neuroanatomy literature: respectively, as the total 
extent of the pial surface area of the gray matter; 
the total exposed gyral surface area not included 
in sulci; and the ratio between total gray-matter 
volume and total pial surface area. Most impor- 
tant is the fact that, whether traced from images 
of brain slices or from magnetic resonance imag- 
ing data, from tissue fixed by immersion or by 
perfusion, and regardless of the exact method of 
measurement, all values converge on the same, 
single relationship for which 99.8% of the vari- 
ance in ArT”? is explained by the variation in 
k Ax). This goes to show (i) that data collected 
in these various ways are robust and method- 
insensitive enough to be comparable across labo- 
ratories, and thus really useful, and (ii) that our 
model indeed applies universally across species 
and data sets. 

Importantly, these are precisely the same data 
that yield an 7° of only 0.751 for the relationship 
between folding index of gyrencephalic species 
and brain mass, given in our original figure 1A. 
An?’ of 0.751 is much smaller than an 7” of 0.998, 
and we thus consider the former to be “fairly low,” 
indeed. Only gyrencephalic species are considered 
in the analysis of scaling of folding index with 
brain mass because the folding index, expressed 
as the ratio A;/Ag, is not a smooth function of 
brain mass but a two-tiered trait, because it has a 
hard lower bound of 1.0 and, by definition, no va- 
riation across all lissencephalic species. Including 
lissencephalic species would only worsen the al- 
ready poor fit of a power function to the data. 
Remarkably, our analysis of the relationship be- 
tween Ay7”” and Ax carried out for all species, 
lissencephalic and gyrencephalic alike, yields an 
7” of 0.998 that is even higher than the 7° of 0.996 
obtained for gyrencephalic species alone (7). We 
thus concluded that the relationship between.A,7"” 
and A, is much stronger than the relationship 
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Fig. 1. Universal scaling relationship of exponent 1.305 describes cortical folding across mam- 
malian species. All figures were plotted from data in (1), showing species with folding index <1.5 as 


open circles and species with folding index >1.5 as solid symbols. (A) ArT”? varies with 


Agt305 + 0.010 


(r* = 0.998, P < 0.0001) across lissencephalic and gyrencephalic species (cetaceans were excluded 
here; inclusion changes the exponent slightly to 1.325 + 0.009). Marmoset and agouti, which are 
gyrencephalic species, are indicated. (B) k = (ArT'”*)/A¢'®° calculated for each data point does not 
vary significantly with Ag across species (Spearman correlation, P = 0.8883) nor across species with 
folding below or above 1.5 (Wilcoxon, P = 0.5477). (C) « = (Ve/Vr) x (At/Ae), which de Lussanet 
predicts to be constant, varies significantly with increasing Ae (Spearman correlation, p = 0.771, P < 
0.0001). (D) Folding index is not a single function of the number of cortical neurons (shown for a 
single hemisphere) and also not simply as two clusters for species with folding index above (solid 
circles) or below (open circles) 1.5. Rather, species with folding indices above 1.5 show different 
scaling of folding, with the number of cortical neurons depending on whether they are artiodactyls 


(pink) or primates (red). 


between folding index (4;/A,) and any other 
variable examined. 

That “the degree of gyrification is much larger 
in artiodactyls than in primates for similar num- 
bers of cortical neurons” is shown very obviously 
in our original figure 1B, reproduced here as Fig. 
1D. There is no overlap between primates and ar- 
tiodactyls. For instance, the cerebral cortex in the 
pig (an artiodactyl) and baboon (a primate) have 
the same folding index of 1.9, whereas one cor- 
tical hemisphere has only 146 million neurons in 
the former but 1.6 billion neurons in the latter, a 
difference of more than one order of magnitude. 
Statistical analyses are hardly necessary to prove 
that the two groups do not overlap. 

Our assertions that “a better fit is found for 
[folding index against] total surface area” than 
against total brain mass and that “the precise re- 
lationship between T and Ag across gyrencephalic 
species differs across orders” [“with a much small- 
er exponent for primates than for artiodactyls 
(Fig. 3B, red and pink lines),” our original text 
continues] are founded on the 7” values, expo- 
nents, standard errors, and 95% confidence in- 
tervals provided in the respective figure legends. 
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The criticisms by Lewitus et al. thus require no 
further comment. 

Regarding the so-called “clusters of gyrence- 
phaly,” there are indeed different groups in the 
relationship between folding index and number 
of cortical neurons, as we show in our original 
figure 1B, reproduced here (Fig. 1D), in line with 
the different, clade-specific relationships between 
Ay and T, as shown in our original figure 3B 
(although we don’t call these “clusters”). The two 
candidate groups to form different “clusters of 
gyrencephaly,” primates and artiodactyls, are how- 
ever not the “two mammalian groups” to which 
Lewitus et al. refer in (5). Figure 1D shows that, for 
similar numbers of cortical neurons, artiodactyls 
have much larger folding indices than primates. 
In contrast, Lewitus et al. (5), who did not analyze 
our data on artiodactyls, arbitrarily defined two 
groups as those with folding index above 1.5 (the 
larger primates in their sample, including humans) 
and below 1.5 (rodents and the smallest primates, 
which includes lissencephalic species). This is a 
finding that essentially replicated our previous 
demonstration that the relationship between fold- 
ing index and number of neurons differs across 


primates and rodents (6), without giving credit 
to it. Lewitus et al. (5) went on to propose that this 
arbitrary threshold of 1.5 corresponds to ~10° 
neurons. Figure 1D redraws our data identifying 
species with folding indices above and below 1.5 
and illustrates how the “adaptive threshold” of 
gyrencephaly and the clustering around a thresh- 
old of folding index 1.5 proposed by Lewitus et al. 
(5) fail to hold in the face of data. Four of the five 
artiodactyls in our data set have fewer than 10° 
cortical neurons in both cortical hemispheres but 
folding indices of 1.9 and higher; cortices with 
similar numbers of neurons, all well below 10°, 
have much higher folding indices in artiodactyls 
than in primates; and primates exhibit a contin- 
uous relationship between folding index and num- 
bers of cortical neurons well below and well above 
10°, as we had already shown in (6) and reported 
again in our original figure 1B. Most importantly, 
there is no difference in our empirical # between 
species with folding indices above or below 1.5 
(Fig. 1B). Thus, there are no “two clusters of gy- 
rencephaly”: All species, regardless of numbers of 
cortical neurons, of being lissencephalic or gyrence- 
phalic, and of how gyrencephalic they are, share 
the same relationship 4-7"? = kA,!? (Fig. 1A). 

The statement by Lewitus et al. that “there is 
formidable corroboration for a positive role of the 
developmental neurogenic program in determin- 
ing the folding pattern of the adult cortex” is also 
incorrect, in the face of the data that we present- 
ed, here shown in Fig. 1D. More neurons do not 
necessarily translate into a more folded cortex, 
nor are they a mandatory requirement. These are 
fundamental realizations for the study of cortical 
development and evolutionary scaling (7). Devel- 
opmental models of cortical expansion and evolu- 
tion, including that of Lewitus et al. (7), can no 
longer consider that cortical surface area (and 
folding) grows proportionately across species as a 
single function of increasing numbers of neurons. 

Still, in regard to development, it is in light of 
the clade-specific relationships between A; and T 
that we state that “there is no a priori reason for 
lissencephaly.” There is no known developmen- 
tal mechanism that necessarily ties Ay to T°, the 
necessary condition for lissencephaly, because Ay 
and T are most likely controlled by different de- 
velopmental mechanisms. That the relationship 
between A; and 7 that maintains lissencephaly is 
not obligatory is shown by the very fact that not 
all species are lissencephalic. 

The claim by Lewitus e¢ al. that “the most re- 
cent common mammalian ancestor was gyrence- 
phalic” (5) is based on unfortunate phylogenetic 
inferences instead of actual fossils and indeed 
flies in the face of the ample fossil evidence of 
lissencephalic ancestral mammals (8-11). We did, 
however, cite the wrong paper in regard to there 
being “no secondary lissencephaly”; we should 
have cited (5) instead of (72). Incidentally, we note 
that the marmoset, a species cited by Kelava et al. 
(12) as an example of secondary lissencephaly, is 
actually gyrencephalic, with a folding index of 
1.175, similar to the agouti, and both fit perfectly 
on the universal scaling relationship that we iden- 
tified (Fig. 1A). 
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The reason that the inference by Lewitus et al. 
(5) of a common gyrencephalic ancestor to all 
mammals is unfounded is that it was based on the 
finding that clades of extant mammalian spe- 
cies have average folding indices larger than 1.36. 
This is akin to calculating the average body mass 
of extant mammalian clades, finding that in all 
clades this average is larger than 1 kg, and thus 
concluding that the ancestral mammal also had 
a body mass larger than 1 kg. Actually, it is worse; 
given that folding indices are by definition never 
smaller than 1.0, their mathematical analysis 
could never obtain an average folding index of 
1.0 for any clade, given that all of them contain 
gyrencephalic species. O’Leary et al. (13), cited 
by Lewitus et al. (5), used a similarly flawed in- 
ference to conclude that the ancestral placental 
mammal was gyrencephalic. 
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In the context of the ample fossil evidence of 
lissencephalic ancestral mammals (8-7) and of 
our finding that extant lissencephalic and gyrence- 
phalic species alike obey the same relationship 
(D, ApTY? = kAg!°”, and given the small size of 
those ancestral brains, it would be extraordinary 
indeed if any of the small ancestral cortices were 
found to be folded as Lewitus et al. suggest. They 
would stand out as the sole, major outliers to the 
universal scaling relationship that we identified. 
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Comment on “Global assessment 
of arbuscular mycorrhizal 
fungus diversity reveals very 


low endemism” 


Thomas D. Bruns* and John W. Taylor 


Davison et al. (Reports, 28 August 2015, p. 970) claim that virtual taxa of Glomeromycota 
show little endemism and that endemism that exists is similar to the levels seen in 
plant families. We show that this is likely due to the conservative species definition rather 


than to any ecological pattern. 


he Glomeromycota is a globally important 
group of fungi that form mutualistic inter- 
actions with the roots of the majority of 

land plants. They cannot be grown in axen- 

ic culture, and their taxonomy is currently 
based on differences in spore morphology and 
sequences of conserved genes (1). Davison et al. (2) 
use partial small subunit (SSU, or 18S) ribosomal 
RNA gene sequences to argue that their “virtual 
taxa,” which are “approximately species-level taxo- 
nomic units” of Glomeromycota fungi, have very 
limited endemism compared with larger organ- 
isms and that their pattern is more similar to that 
seen at the plant family level. However, there is a 
logical error in their methods, because they com- 
pare fungal taxa defined by partial SSU sequence to 
species in plants defined by multiple criteria and 
assume that they are comparing equivalent units. 
We ask the question of what SSU-defined vir- 
tual taxa would look like if this approach were 
applied to animals or plants. To do this, we re- 
trieved the human sequence for the same 520- 
base pair region, starting immediately after the 
NS31 primer, of the SSU gene used by Davison et al., 
and then used Basic Local Alignment Search Tool 
(BLAST) on this sequence to see the taxonomic 
depth that would be captured by a 97% identity 
threshold, the criteria they used. We found that 
the human gene fragment was a 99% match to 
house mouse (Mus musculus), pig (Sus scrofa), 
white-tailed deer (Odocoileus virginianus), west- 
ern European hedgehog (Erinaceus europaeus), 
and horse (Equus caballus), and a 97% match to 
the common wombat (Vombatus ursinus) and sev- 
eral other marsupials. Thus, SSU-defined virtual 
taxa, if applied to mammals, would also show little 
or no endemism because most or all would be a 
single unit. Furthermore, if all species of mammals 
were defined by morphological differences in their 
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egg cells, which are within the same scale as spore 
of the Glomeromycota, we would expect to see few, 
widely dispersed species that might well be cor- 
related with the slight differences in the SSU gene. 

We repeated this process by retrieving the ho- 
mologous region from wheat (Triticum) and ap- 
plying BLAST to it. We found that all available 
genera in family Poaceae (Oryza, Zea, Lolium, 
Fescue, Alloteropsis, Sorghum, Lecomtella, and 
Anarthria) had SSU regions 98 to 99% identical 
to Triticum. Furthermore, at 96% identity, mem- 
bers of several Eudicot family were retrieved, includ- 
ing Caryocar glabrum (Caryocaraceae), Ackama 
rostfolia, Caldcluvia paniculosa, Opocunonia 
papuana (Cunoniaceae), and Hevea brasiliensis 
(Euphorbiaceae). With these results in mind, 
Davison et al.’s finding that Glomeromycota vir- 
tual taxa had similar levels of endemism to plant 
families makes sense, but only because similar 
levels of molecular divergence are then being 
compared in both groups; there is no evidence 
that one group has less endemism than another. 
It is conceivable that fungal species have less 
conservation SSU genes, but when we used the 
SSU region from Nectria, from the well-sampled 
order Hypocreales, we found 99% identity with 
all sampled genera in the order. Thus, the entire 
order would be equivalent to one SSU-defined 
virtual taxon. 

Morphologically defined species in the Glome- 
romycota have always been delimited by the char- 
acters available in their spores, and these “species” 
do correlate fairly well with SSU-defined units, 
but that does not mean that they are comparable 
to species in other groups. Knowing that these 
SSU-defined taxa are actually equivalent to family- 
or order-level taxonomic units in plants, animals, 
and other fungi should give us pause to consider 
the alternative: that all of these “species” in the 
Glomeromycota are actually collections of fairly 
distantly related taxa. 

The main problem with respect to the Glom- 
eromycota and all other small organisms is that 


there are very few observable phenotypic char- 
acters that allow us to distinguish and classify 
them. As a result, taxonomic concepts from spe- 
cies to phyla end up being much broader than 
those applied to larger, better-studied organisms. 
Broad species concepts led to hypotheses that, 
for small organisms, such as bacteria and pro- 
tists, there is no endemism because “everything 
is everywhere” (3, 4). When more variable DNA 
sequences are used for comparison in small or- 
ganisms, it has been shown that almost nothing 
is everywhere, whether fungi (5), protists (6), bacte- 
ria (7), or archaea (8). Now, population genomics 
is showing that natural barriers to fungal gene 
flow occur over geographic distances well below 
the size of continents (9-11), with dispersal limi- 
tation playing a key role in the assembly of fungal 
communities (72). When similar variable markers 
and population genomics can be applied to ar- 
buscular mycorrhizal fungi, we predict that nar- 
rowly endemic species and populations will be 
discovered to be the rule, and what we now call 
species will be revealed to be collections of 
distantly related taxa. 

Certainly, SSU-defined taxa are very useful in 
the Glomeromycota, and they currently provide 
one of the only ways to begin to catalog their 
global patterns. Furthermore, the correlation of 
these SSU taxa with other ecological parameters, 
and the modest level of endemism they reveal, is 
impressive and provides good evidence that they 
capture some of the evolutionary signal. How- 
ever, claims of differences in endemism between 
them and macroscopic plants or animals only 
demonstrate how different the taxonomic con- 
cepts are; they say nothing about the compara- 
tive ecology of these organisms. 
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Response to Comment on 

“Global assessment of arbuscular 
mycorrhizal fungus diversity reveals 
very low endemism” 


Maarja Opik,* John Davison, Mari Moora, Meelis Partel, Martin Zobel 


Bruns and Taylor argue that our finding of widespread distribution among Glomeromycota “virtual 
taxa” is undermined by the species definition applied. Although identifying appropriate species 
concepts and accessing taxonomically informative traits are challenges for microorganism 
biogeography, the virtual taxa represent a pragmatic classification that corresponds approximately 
to the species rank of classical Giomeromycota taxonomy, yet is applicable to environmental DNA. 


runs and Taylor (J) refute our claim in 
Davison et al. (2) that approximately species- 

level taxa in the arbuscular mycorrhizal 

(AM) fungi (Glomeromycota) exhibit rela- 

tively low endemism. We used nuclear ri- 
bosomal small subunit RNA (SSU, or 18S rRNA) 
gene-based virtual taxa (VT) as the basic taxo- 
nomic units to classify AM fungi in a global set of 
environmental samples. We found that, although 
dispersal limitation contributes to the assembly 
of AM fungal communities, very few VT are en- 
demic, producing a global distribution pattern 
similar to that observed in families of plants. 
Bruns and Taylor argue that the VT of AM fungi 
are not comparable to the taxonomic ranks of 
macro-organisms and that, consequently, our 
comparison uses nonequivalent units. We agree 
that the availability and accuracy of taxonomic 
information are key issues in microorganism bio- 
geography. However, we consider specific criti- 
cism of the VT approach to be wide of the mark. 
Species are usually taken as the basic unit 
of biodiversity, and described species lists for 
some macroorganisms—e.g., plants—are prob- 
ably close to complete for some regions on Earth. 
The completeness of microorganism species lists 
is considerably lower, although less so for fungi 
than for bacteria (3). However, for many micro- 
organisms, AM fungi included, the number of 
known DNA-based, approximately species-level 
taxa is far higher than that of species possessing 
Latin binomials, and DNA-based “species” re- 
cords are generally better linked with ecological 
metadata. In these respects, DNA-based “spe- 
cies” offer the more complete classification for 
describing microorganism biodiversity patterns. 
The gold standard for delimiting fungal spe- 
cies is the genealogical concordance method, 
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which uses multiple genomic loci to assess limits 
on recombination (4). In practice, morphological 
and phylogenetic species concepts are applied 
in specimen-based classification of the appar- 
ently asexual Glomeromycota. About 300 spe- 
cies of Glomeromycota have been described on 
the basis of morphology (mostly, but not ex- 
clusively, of spores) and DNA sequences [internal 
transcribed spacer (ITS) region or large subunit 
(LSU, also called 28S) rRNA gene, both widely 
used markers in the taxonomy of Fungi]. Al- 
though this number is low in the context of some 
microorganism groups, it is consistent with spe- 
cies number estimates in other early-diverging 
fungal clades (5). Furthermore, evidence for cryp- 
tic species among Glomeromycota is limited; 
rather, merging of described species has been 
proposed (6). Although we see no compelling ev- 
idence to suggest massive underestimation of 
Glomeromycota species numbers in the current 
taxonomy, Bruns and Taylor are right to point 
out that reliance on conserved or limited traits 
for taxonomic assignment is a potential stum- 
bling block for microorganism taxonomy. It is 
notable that, irrespective of species boundaries, 
widespread AM fungal taxa are known to harbor 
globally distributed genotypes (7, 8). Nonetheless, 
we trust that progress in officially describing 
new fungal species on the basis of DNA data, 
including population genetics approaches, will 
improve estimates of global fungal species num- 
bers (9) and prove to be a catalyst for advancing 
Glomeromycota taxonomy and understanding 
species-level distribution patterns. 

DNA-based taxonomies incorporating both 
specimen-derived and environmental records 
have identified approximately 350 SSU rDNA- 
based VT (at =97% similarity threshold) (70) 
and more than 2000 ITS-based species hypotheses 
(SH) (at 98.5% similarity threshold) (17) among 
Glomeromycota. Application of other, nonribo- 
somal markers has revealed similar classifica- 


tions and species number estimates (72, 73). Both 
VT and SH are pragmatic species classifications, 
validation of which is ongoing. VT are known 
to be slightly higher in taxonomic rank than 
(morpho-)species of Glomeromycota and may 
be equivalent to groups of closely related spe- 
cies in some genera. However, the species- 
discriminatory power of the SSU rDNA marker is 
only slightly lower than that of the markers 
widely used by taxonomists (J4), and VT are 
clearly finer in taxonomic rank than the families 
or genera of classical Glomeromycota taxonomy 
(10). Thus, given the best available taxonomic 
information, the VT approach provides an ef- 
fective means to survey approximately species- 
level diversity in the group. 

We contend that the biogeographies of differ- 
ent organism groups are comparable but that 
taxonomic assignments must be made using ap- 
propriate traits, and these differ from group to 
group. For example, species-discriminating mor- 
phological traits for plants are frequently those 
of flowers; for animals, those of bones. The quest 
for DNA-level traits for species discrimination 
has not yet identified a universally suitable marker 
region. Plastid markers are used for plants, mito- 
chondrial cytochrome oxidase I for animals, and 
nuclear ribosomal ITS for fungi. These markers 
are rarely optimal for all species within organism 
groups, and the ITS region is known to be too 
conserved or too variable in some fungal groups 
(15). We argue that the central fragment of the 
SSU rRNA gene distinguishes approximately 
species-level taxa among Glomeromycota and is 
therefore practical for research on the diversity 
patterns of these fungi. However, we recognize 
that use of this marker region for species iden- 
tification of other fungi, let alone of plants or 
animals, would be as inappropriate and fruit- 
less as an attempt to identify plants using bones, 
or animals using flowers. 
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Gut bacteria that prevent growth 
impairments transmitted by microbiota 
from malnourished children 


Laura V. Blanton, Mark R. Charbonneau, Tarek Salih, Michael J. Barratt, Siddarth Venkatesh, 
Olga Ikaveya, Sathish Subramanian, Mark J. Manary, Indi Trehan, Josh M. Jorgensen, 
Yue-mei Fan, Bernard Henrissat, Semen A. Leyn, Dmitry A. Rodionov, Andrei L. Osterman, 
Kenneth M. Maleta, Christopher B. Newgard, Per Ashorn, Kathryn G. Dewey, Jeffrey I. Gordon* 


INTRODUCTION: As we come to appreciate 
how our microbial communities (microbiota) 
assemble following birth, there is an opportu- 
nity to determine how this facet of our devel- 
opmental biology relates to the healthy or 
impaired growth of infants and children. Child- 
hood undernutrition is a devastating global 
health problem whose long-term sequelae, 
including stunting, neurodevelopmental ab- 
normalities, and immune dysfunction, re- 
main largely refractory to current therapeutic 
interventions. 


RATIONALE: To test the hypothesis that per- 
turbations in the normal development of the 
gut microbiota are causally related to under- 
nutrition, we first applied random forests 
(RF), a machine learning method, to bacterial 
16S ribosomal RNA data sets generated from 
fecal samples that were collected serially from 
healthy Malawian infants and children during 
their first 3 postnatal years. Age-discriminatory 
bacterial taxa were identified with distinctive 
time-dependent changes in their relative abun- 
dances; they were used to construct a sparse 
RF-derived model describing a program of 
normal postnatal gut microbiota development 
that is shared across biologically unrelated 
individuals. A metric based on this model 
(microbiota-for-age Z-score) was used to de- 
fine the state of development (maturation) of 
fecal microbiota from infants and children 
with varying degrees of undernutrition. Fecal 
samples obtained from 6- and 18-month-old 
children with healthy growth patterns or with 
varying degrees of undernutrition were trans- 
planted into young germ-free mice that were 
fed a representative Malawian diet. The recip- 
ient animals’ rate of lean body mass gain was 
characterized by serial quantitative magnetic 
resonance, their metabolic phenotypes were de- 
termined by targeted mass spectrometry, and 
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their femoral bone morphologic features were 
delineated by microcomputed tomography. 


RESULTS: Undernourished children in the 
Malawian birth cohort that we studied have 
immature gut microbiota. Unlike microbiota 
from healthy children, immature microbiota 
transmit impaired growth, altered bone mor- 
phology, and metabolic abnormalities in the 
muscle, liver, and brain to recipient gnoto- 
biotic mice. The representation of several 
age-discriminatory taxa in the transplanted mi- 
crobiota harbored by recipient animals corre- 


lated with their growth rates. Microbiota from 
6-month-old infants produced greater effects 
on growth than did microbiota from 18-month- 
old children, although in each age bin, the growth 
effects produced by a healthy donor’s commu- 
nity were greater than those produced by an 
undernourished donor’s community. Cohousing 
coprophagic mice shortly after they received 

microbiota from healthy 
or severely stunted and 
Read the full article underweight 6-month-old 
at http://dx.doi. infants resulted in the in- 
org/10.1126/ vasion of age- and growth- 
science.aad3311 discriminatory taxa from 
Rat Seecnimecaeensensta ce ie feunee iio dhe ates 
microbiota in the recipient animals, with as- 
sociated prevention of growth impairments. 
Introducing cultured members from this group 
of invasive species ameliorated growth and 
metabolic abnormalities in recipients of micro- 
biota from undernourished donors. 


CONCLUSION: These preclinical findings pro- 
vide evidence that gut microbiota immaturity is 
causally related to childhood undernutrition. 
The age- and growth-discriminatory taxa that 
we identified should help direct studies of the 
effects of host and environmental factors on gut 
microbial community development, and they 
represent therapeutic targets for repairing or 
preventing gut microbiota immaturity. m 
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Preclinical evidence that gut microbiota immaturity is causally related to childhood under- 
nutrition. (A) A model of normal gut microbial community development in Malawian infants and 
children, based on the relative abundances of 25 bacterial taxa that provide a microbial signature 
defining the “age,” or state of maturation, of an individual's (fecal) microbiota. (Hierarchical cluster- 
ings of operational taxonomic units are indicated on the left.) (B) Fecal samples from healthy (H) or 
stunted and underweight (Un) infants and children were transplanted into separate groups of young 
germ-free mice that were fed a Malawian diet. The immature microbiota of Un donors transmitted 
impaired growth phenotypes to the mice. (C) Evidence that a subset of age-discriminatory taxa are 
also growth-discriminatory. Cohousing mice shortly after they received microbiota from 6-month-old 
healthy or undernourished donors resulted in the invasion of taxa from the healthy donor's 
microbiota (H°") into the undernourished donor's microbiota (Un°") among recipient animals and 
prevented growth impairments. Adding cultured invasive growth-discriminatory taxa directly to the 
Un donor's microbiota (Un*) improved growth. 
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Gut bacteria that prevent growth 
impairments transmitted by microbiota 
from malnourished children 
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Undernourished children exhibit impaired development of their gut microbiota. 
Transplanting microbiota from 6- and 18-month-old healthy or undernourished Malawian 
donors into young germ-free mice that were fed a Malawian diet revealed that immature 
microbiota from undernourished infants and children transmit impaired growth 
phenotypes. The representation of several age-discriminatory taxa in recipient animals 
correlated with lean body mass gain; liver, muscle, and brain metabolism; and bone 
morphology. Mice were cohoused shortly after receiving microbiota from healthy or 
severely stunted and underweight infants; age- and growth-discriminatory taxa from the 
microbiota of the former were able to invade that of the latter, which prevented growth 
impairments in recipient animals. Adding two invasive species, Ruminococcus gnavus and 
Clostridium symbiosum, to the microbiota from undernourished donors also ameliorated 
growth and metabolic abnormalities in recipient animals. These results provide evidence 
that microbiota immaturity is causally related to undernutrition and reveal potential 
therapeutic targets and agents. 


ndernutrition is a leading cause of infant 
and childhood mortality worldwide (J-5). 
The mechanisms that underlie this disor- 
der’s manifestations, ranging from persistent 


alone; it also results from a combination of fac- 
tors including diets with low nutrient density or 
bioavailability, pathogen burden, and gut muco- 
sal barrier dysfunction (6-8). 


abnormalities in growth and immune func- 
tion to cognitive deficits, remain obscure. Child- 
hood undernutrition is not due to food insecurity 


‘Center for Genome Sciences and Systems Biology and Center 
for Gut Microbiome and Nutrition Research, Washington 
University School of Medicine, St. Louis, MO 63108, USA. °Sarah 
W. Stedman Nutrition and Metabolism Center and Duke 
Molecular Physiology Institute, Duke University Medical Center, 
Durham, NC 27710, USA. “Department of Pediatrics, 
Washington University School of Medicine, St. Louis, MO 63110, 
USA. “School of Public Health and Family Medicine, College of 
Medicine, University of Malawi, Chichiri, Blantyre 3, Malawi. 
SDepartment of Paediatrics and Child Health, College of 
Medicine, University of Malawi, Chichiri, Blantyre 3, Malawi. 
Department of Nutrition and Program in International and 
Community Nutrition, University of California—Davis, Davis, CA 
95616, USA. ’Department for International Health, University of 
Tampere School of Medicine, Tampere 33014, Finland. 

® Architecture et Fonction des Macromolécules Biologiques, 
Centre National de la Recherche Scientifique and Aix-Marseille 
Université, 13288 Marseille Cedex 9, France. ‘Department of 
Biological Sciences, King Abdulaziz University, Jeddah, Saudi 
Arabia. '°A. A. Kharkevich Institute for Information Transmission 
Problems, Russian Academy of Sciences, Moscow 127994, 
Russia. “Infectious and Inflammatory Disease Center, Sanford 
Burnham Prebys Medical Discovery Institute, La Jolla, CA 
92037, USA. “Department of Pharmacology and Cancer Biology 
and Department of Medicine, Duke University Medical Center, 
Durham, NC 27710, USA. “Department of Pediatrics, Tampere 
University Hospital, Tampere 33521, Finland. 

*Corresponding author. E-mail: jgordon@wustl.edu 


SCIENCE sciencemag.org 


The World Health Organization has used a 
cohort of 8440 healthy children living in six 
countries to develop anthropometric standards 
that define nutritional status [weight-for-height 
Z-score (WHZ), weight-for-age Z-score (WAZ), 
and height-for-age Z-score (HAZ)] (9, 10). A re- 
cent study (12) of infants and children with 
healthy growth phenotypes living in Mirpur, 
an urban slum in Dhaka, Bangladesh, involved 
monthly fecal collection from birth through 
the end of the second year of life. In this study, 
a 16S ribosomal RNA (rRNA) analysis of bacterial 
membership in the gut microbiota and the ap- 
plication of a machine learning method [random 
forests (RF) (12)] revealed 24 “age-discriminatory” 
taxa, whose changes in relative abundance over 
time define a program of normal maturation of 
the microbiota across biologically unrelated in- 
dividuals (17). This model served as the basis for 
computing two related metrics, relative micro- 
biota maturity and microbiota-for-age Z-score 
(MAZ), that significantly correlated with the chron- 
ological age of children with healthy growth phe- 
notypes. Applying these metrics showed that 
children living in Mirpur with moderate acute 
malnutrition (MAM) or severe acute malnutrition 
(SAM) have gut microbiota that are “immature;” 
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in other words, the representation of the age- 
discriminatory taxa in their gut communities was 
more similar to younger than to age-matched 
healthy individuals from the same locale. More- 
over, the degree of this immaturity was greater in 
SAM than MAM (12). Treatment of children with 
SAM with either one of two ready-to-use thera- 
peutic foods produced only incomplete and tran- 
sient improvement in this immaturity and no 
improvement in their HAZ scores (11). 

These findings raise several questions. To what 
extent are these age-discriminatory taxa also 
indicative of the normal development of the 
gut microbiota of infants and children elsewhere? 
Are the age-discriminatory taxa biomarkers of 
gut microbiota development, or are they media- 
tors of healthy growth? If the latter, can their 
introduction into immature microbiota prevent 
disease? 


A Malawian model of gut 
microbiota development 


To address these questions, we first developed a 
RF-based model of gut microbial community de- 
velopment from a serially sampled cohort of 
Malawian twins that were concordant for healthy 
growth. We investigated correlations between 
nutritional status and microbiota maturation to 
ascertain whether an MAZ score could predict 
future growth performance. 

In a previous study, we followed a cohort of 
317 twin pairs and three sets of triplets, living in 
five rural villages in southern Malawi, from birth 
to 36 months of age, with periodic sampling of 
their fecal microbiota (73). To define healthy mi- 
crobiota development in this population, we 
took the polymerase chain reaction amplicons 
generated from variable region 4 (V4) of bacte- 
rial 16S rRNA genes and sequenced them. We 
used 220 fecal samples collected from 27 twin 
pairs and two sets of triplets whose serial an- 
thropometric measurements were indicative of 
consistently healthy growth [WHZ = 0.09 + 
0.93; fecal collection over an age range of 0.6 
to 33.5 months; 4.0 + 1.6 samples (mean + SD) 
per individual; tables SIA and S2A provide mi- 
crobiota donor characteristics and a summary 
of sequencing data sets]. V4 16S rRNA reads 
with =97% nucleotide sequence identity were 
grouped into operational taxonomic units (97% 
ID OTUs), and taxonomic assignments were made 
(14, 15). 

We modeled microbiota maturation in these 
healthy Malawian infants and children by using 
RF to regress OTUs against chronological age in 
a subset (“training set”) of the healthy twin co- 
hort (Fig. 1A). The application of the training set- 
based model to the subset excluded from model 
building (“test set”) yielded a positive and signif- 
icant correlation between host chronological age 
and predicted microbiota age (coefficient of de- 
termination R? = 0.80, P < 0.0001) (Fig. 1C and 
fig. S1). The model was further validated using 
an additional randomized nutritional interven- 
tion trial that took place in the Mangochi 
district of southern Malawi, in which subjects 
were studied at 6, 12, and 18 months of age [the 
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iLiNS-DYAD-M study (J6)]. We again saw a pos- 
itive and significant correlation between chron- 
ological age and predicted microbiota age (R® = 
0.71, P < 0.0001). Multiple OTUs from the sparse 
Malawian model had =97% sequence identity to 
OTUs in the sparse Bangladeshi model (Fig. 1A 
and table S3B) (77). 

We then used the Malawian RF-derived model 
to analyze the relationship between microbiota 
maturity and nutritional status in 259 children 
enrolled in iLiNS-DYAD-M who had fewer than 
three reported days of antibiotic consumption 
from 6 to 18 months of age (table S1B). There 
was a significant positive correlation between 
their MAZ scores and their WHZ (Spearman’s 
rank correlation coefficient p = 0.1664, P = 0.0073) 
and WAZ scores (p = 0.1715, P = 0.0056) but not 
their HAZ scores (p = 0.1022, P = 0.1) (table 
S$2B). There was a significant correlation be- 
tween MAZ at 12 months and anthropometry at 
18 months [p = 0.1406 and P = 0.02 for WHZ; p = 
0.1373 and P = 0.02 for WAZ (for HAZ, p = 
0.1184 and P = 0.05)]. These results suggest 
that MAZ may be useful for predicting future 
(ponderal) growth. Further studies and analy- 
ses are required to discern the effects of several 
variables, such as the duration of prior antibiotic 
use, enteropathogen load, number of diarrheal 
days, geography, and various nutritional inter- 
ventions, on the relationship of MAZ measure- 
ments at various postnatal ages to anthropometry 
and other metrics of healthy growth (e.g., cogni- 
tive testing and immunization responses). 


Identification of age-discriminatory taxa 
that are also growth-discriminatory 


To test whether there is a causal relationship be- 
tween microbiota maturity and growth, we se- 
lected fecal samples from 19 Malawian donors 
representing either healthy or undernourished 
growth phenotypes for transplantation into 
5-week-old, actively growing germ-free C57BL/ 
6J mice. Of the 19 donor samples, nine were from 
6-month-old infants, four of which were classi- 
fied as healthy [WHZ = 1.45 + 0.57 (mean + SD), 
WAZ = 1.75 + 0.56, and HAZ = 1.27 + 0.45] and 
five of which were classified as moderately or se- 
verely underweight and stunted (WHZ = -1.27 + 
0.49, WAZ = -3.90 + 1.82, and HAZ = -4.36 + 2.07). 
Ten samples were from 18-month-old children, 
four with healthy weights (WHZ = 1.44 + 0.08, 
WAZ = -0.3 + 0.57, and HAZ = -2.84 + 0.99) and 
six who were moderately or severely underweight 
and stunted (WHZ = -1.75 + 0.17, WAZ = -2.88 + 
0.42, and HAZ = -3.28 + 0.82) (table S4A includes 
MAZ metrics; all 18-month-old donors were 
members of twin pairs, in which HAZ scores 
are typically lower than in singletons, and all 
6-month-old donors were singletons). Fecal sam- 
ples from the 18-month-old children were from the 
Malawi twin cohort; the 6-month-old microbiota 
donors were participants in the iLiNS-DYAD-M 
study who had not yet received a nutritional 
supplement. 

Each microbiota sample was transplanted into 
a separate group of 5-week-old male germ-free 
mice (N = 5 animals per sample). Three days 
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Fig. 1. Sparse RF-derived model of gut 
microbiota maturation obtained from con- 
cordant healthy Malawian twins and trip- 
lets. (A) A RF regression of fecal bacterial 
97% ID OTUs from a training set of healthy 
Malawian infants and children (N = 31) on 
chronological age yielded a rank order of 
age-discriminatory taxa. RF assigns a mean 
squared error (MSE), or feature importance 
score, to each OTU; this metric indicates the 
extent to which each OTU contributes to the 
accuracy of the model. The 25 most age- 
discriminatory taxa, ranked by MSE, yielded a sparse model that predicted microbiota age and 
accounted for ~80% of the observed variance in the healthy cohort (table S3A gives a complete list of 
OTUs and MSE values). The top 25 most discriminatory OTUs with their taxonomic assignments are 
shown ranked by feature importance (mean + SD of the increase in MSE). The inset shows the results of 
10-fold cross-validation; as OTUs are added to the model in order of their feature importance rank, the 
model's error decreases. Taxa highlighted in red indicate OTUs with >97% nucleotide sequence identity 
with an OTU present in a sparse RF-based model of microbiota maturation in healthy Bangladeshi 
infants and children (11). (B) A heat map of changes over time in the relative abundances of the 25 OTUs 
in fecal microbiota collected from healthy Malawian infants and children constituting the test set (N = 29). 
OTUs are hierarchically clustered according to pairwise distances determined by Pearson correlation. 
(C) Predictions of chronological age using the sparse 25-OTU model of microbiota age in healthy children 
constituting the test set. R® was calculated by Pearson correlation. 
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before transplantation, all mice were switched 
onto a sterile (irradiated) Malawian diet formu- 
lated based on the results of a dietary survey of the 
complementary feeding practices for 9-month-old 
Malawian children enrolled in the iLiNS-DOSE 
study (ClinicalTrials.gov identifier: NCT00945698) 
that took place in the Mangochi district. We se- 
lected eight ingredients to produce a cooked 
diet representative of that consumed by Malawian 
children (M8; see the supplementary materials); 
its micro- and macronutrient content does not 
fulfill the needs of humans or mice (table $5, A 
and B, gives a list of ingredients and the results 
of a direct nutritional analysis). 

After a single gavage of the donor microbiota, 
recipient mice were observed for 4 to 5 weeks 
(Fig. 2A shows the experimental design). Fecal 
samples were collected for bacterial V4 16S rRNA 
analysis. Growth was monitored by serial mea- 
surements of total body weight and body com- 
position [lean mass and fat mass, as defined by 
quantitative magnetic resonance (qMR)]; after 
euthanasia, femurs were removed for micro- 
computed tomographic (micro-CT) characteri- 
zation of bone morphology. 
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Mice colonized with microbiota from healthy 
donors (N = 8 donors) gained significantly more 
weight and lean body mass than mice colonized 
with microbiota from undernourished donors 
(N = 11) [P < 0.0001 and P = 0.0001, respectively, 
determined by two-way analysis of variance 
(ANOVA); table S6, A and B], yet there was no 
significant difference in food consumption be- 
tween the groups (P > 0.05, determined by 
Student’s ¢ test; table $7). 16S rRNA sequencing 
of fecal samples obtained from recipient mice 
revealed variable transplantation efficiency. Of 
the 19 donor samples, eight produced trans- 
plantation efficiencies of >50%. When we re- 
stricted our analysis to the eight donor samples 
producing =50% transplantation efficiency, the 
discordant growth phenotypes between recipi- 
ents of healthy versus undernourished micro- 
biota were pronounced (weight gain, P < 0.0001; 
lean mass gain, P = 0.0005; two-way ANOVA; 
Fig. 2, B and C). There was no significant differ- 
ence in fat mass gain (P = 0.78, two-way ANOVA; 
table S6B) or food consumption between the 
groups (P > 0.05, Student’s t test; tables S6, A and 
B, and $7). 


For both the 6-month and 18-month age bins, 
mice colonized with healthy donor microbiota 
gained significantly more total body weight and 
lean mass than those colonized with undernourished 
donor microbiota (weight, P = 0.0003 and P = 
0.0043 for recipients of the 6- and 18-month-old 
donor microbiota, respectively; lean mass, P = 0.03 
and P = 0.0013, respectively; two-way ANOVA; 
table S6, A and B). Recipients of microbiota from 
healthy or undernourished 6-month-old donors 
grew more than recipients of microbiota from 
18-month-old healthy or undernourished donors 
(P < 0.0001 for healthy and P < 0.0001 for under- 
nourished, based on lean mass gain; two-way 
ANOVA). 

Growth over the course of the 5-week experi- 
ment in the 19 different groups of recipient mice 
ranged from 107 to 156% of the starting weight 
(averaged per group; table S6A). There was no 
significant relationship between growth pheno- 
types and bacterial diversity in the fecal microbiota 
of recipient animals (table S6A). We applied 
RF to regress the growth phenotypes of recipient 
gnotobiotic mice against 97% ID OTUs identi- 
fied in their fecal microbiota. Two models were 
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Fig. 2. Transplantation of microbiota from 6- and 18-month-old donors 
to young germ-free mice provides evidence of a causal relationship 
between gut microbiota maturity and growth phenotypes. (A) Experi- 
mental design of the microbiota screen. Mice (4.5 weeks old) were switched 
to the M8 diet 3 days before gavage with the selected microbiota donor's 
fecal sample (N = 5 mice per donor). Fecal samples, body weight, and body 
composition were defined at the indicated time. (B and ©) Gnotobiotic mice 
colonized with fecal samples from healthy donors gain more total body 
weight (B) and lean mass (C) than mice colonized with microbiota from 
undernourished donors (the graphs show means + SEM; P values shown 
for the donor status effect are based on two-way ANOVA). All recipient 
mice harbor microbiota that represent =50% of the OTU diversity that is 
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present in the intact uncultured donor’s sample. (D) The 30 most weight 
gain-discriminatory OTUs and their taxonomic assignments, ranked by 
feature importance (the bar graph shows increase in mean MSEs + SD). 
The weight gain model explained ~66% of the observed phenotypic var- 
iation (P < 0.0001, determined by a permutation test with 999 permuta- 
tions). Taxa in red indicate OTUs that appear within the 30 most discriminatory 
OTUs for the RF-based models of both weight and lean mass gain. Taxa in 
purple indicate species that appear in the 25-member sparse RF-derived 
model of Malawian gut microbiota maturation. Colors to the right of the 
OTU ID numbers represent Spearman's rank correlation of the same OTU ID 
with chronological age within the healthy Malawian infant and child cohort 
(table S9). 
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Fig. 3. Cohousing results in the transfer of species from the microbiota 
of cagemates colonized with the healthy donor’s community into the 
microbiota of cagemates colonized with the severely stunted and under- 
weight donor’s community, resulting in the prevention of growth impair- 
ments. (A) Experimental design for the cohousing experiments. Dually housed 
4.5-week-old mice were switched to the M8 diet and colonized 3 days later 
with intact uncultured microbiota from either the healthy or the stunted and 
underweight donor. Four days post-colonization (dpc), subsets of the mice 
were cohoused (H“ and Un@), while control mice colonized with microbiota 
from the healthy or stunted and underweight donors remained in their original 
isolators and were paired with a new cagemate from that isolator (H-H and 
Un-Un controls). Fecal samples were collected throughout the experiment; 
growth was assayed by changes in total body weight and body composition 
(the latter by qMR). Mice were euthanized three weeks after colonization. 
(B) H°4 and Un“ mice had significantly higher lean mass gain (indicated by 
the asterisks) relative to the Un-Un controls 15 days after colonization (Un-Un 
versus H°4, P = 0.0447; Un-Un versus Un", P = 0.0121; Mann-Whitney test; 
N = 6 cages of cohoused mice and 3 cages of each dually housed control 
group; two independent experiments). (C) Heat map showing the results of 
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the invasion assay. To quantify invasion further, we used the mean and SD of 
the null distribution of invasion scores (defined as the scores from recipients 
of the H or Un donor’s microbiota that had never been cohoused with each 
other) to calculate a z value (standard score) and a Benjamini-Hochberg ad- 
justed P value for the invasion score of each species in H*4 and Un! mice 
(see the supplementary materials). We defined a taxon as a successful invader 
if it (i) had a Benjamini-Hochberg adjusted P < 0.05 and (ii) had a relative 
abundance of <0.05% before cohousing and =0.5% in the fecal microbiota at 
the time of euthanasia. Table S12 provides information about the direction and 
success of invasion. Each row represents a species-level taxon, and each 
column represents a mouse at a given day after colonization. The rows of the 
heat map were hierarchically clustered according to pairwise distances using 
Pearson correlation. Bars at the right side of each experimental arm repre- 
sent the fold change (fc) in that species’ relative abundance before and after 
cohousing [fold change is defined as the logs of the average relative abun- 
dance of the species after cohousing (days 7 through 22), divided by the 
average relative abundance of the species before cohousing (day 4)]. Species 
in red represent those identified as one of the top 30 growth-discriminatory taxa 
by the RF-based models of weight or lean mass gain shown in Fig. 2. 


generated, one based on weight gain, the other 
based on lean mass gain (Fig. 2D and fig. S2, 
respectively, and table S8, A and B). Two of the 
growth-discriminatory species represented in the 
RF-based models of weight and lean mass gain, 
Bifidobacterium longum and Faecalibacterium 
prausnitzti, were highly age-discriminatory, rank- 
ing first and eighth, respectively, in the Malawian 
model shown in Fig. 1A, and fifth and first in the 
Bangladeshi model (77). In the healthy Malawian 
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and Bangladeshi populations used to create these 
models, B. longum is an early colonizer with its 
highest mean relative abundance at 5 months of 
age, whereas F. prausnitzii becomes more prom- 
inent later (highest mean relative abundance 
achieved at 19 months) (Fig. 1B) (77). 

The relative abundances of 13 OTUs that were 
significantly correlated with weight gain and 
seven OTUs that were significantly correlated 
with lean mass gain also had significant correla- 


tions with chronological age in concordant healthy 
Malawian twins and triplets, including three OTUs 
for F. prausnitzii (P < 0.0001; Fig. 2D and fig. $2; 
table S9 gives a complete list of OTUs with their 
Spearman’s rank correlation coefficients). More- 
over, 15 OTUs that were positively and significant- 
ly correlated with weight gain and 11 OTUs that 
were positively and significantly correlated with 
lean mass gain were also significantly correlated 
with chronological age for the 259 infants and 
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Fig. 4. A consortium of cultured growth-discriminatory OTUs augments _ belonging to untreated control and treated experimental groups, showing 


the growth of mice colonized with the 6-month-old severely stunted 
and underweight donor’s microbiota. (A) Experimental design, including 
the composition of the five-member consortium of cultured bacterial 
strains. (B) Weight gain and lean mass gain (21 days after gavage) of mice 
colonized with the donor microbiota, with (treated) or without (control) 
the cultured consortium. (©) Comparison of the fecal microbiota of mice 


children from iLiNS-DYAD-M, including the same 
three OTUs for F. prausnitzii that were signif- 
icantly correlated with age in the cohort of healthy 
Malawian twins and triplets (P < 0.0001 for all 
correlations; table S9). 


The relationship between age- and 
growth-discriminatory taxa and femoral 
bone phenotypes 


We used micro-CT to assay the morphology of 
trabecular and cortical regions of femurs ob- 
tained from mice harboring microbiota with 
>50% transplantation efficiency. There were 
strong trends toward higher cortical ratios of 
bone volume to tissue volume (BV/TV) and 
volumetric bone mineral density in recipients 
of gut microbial communities from undernour- 
ished donors (P = 0.05 and P = 0.07, respectively; 
Mann-Whitney test). Differences between mice 
harboring microbiota from 6- and 18-month- 
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colonization. 


old donors were evident in trabecular rather 
than in cortical bone, regardless of donor nu- 
tritional status; mice colonized with 6-month- 
old donor communities had significantly higher 
bone mineral density, BV/TV, and trabecular 
connectivity and number, as well as significantly 
lower trabecular spacing, irrespective of their 
nutritional status (P < 0.001 for all bone metrics; 
Mann-Whitney test; fig. S3). We extended our 
RF and Spearman ranked correlation analyses 
to identify OTUs that discriminate these femoral 
bone phenotypes (fig. S4 and table S10). Six of 
the OTUs represented in both of the growth- 
discriminatory RF-based models, including one 
assigned to B. longum, were also represented 
among the top 20 most discriminatory features 
in at least three of the five RF-based models of 
bone metrics (fig. S4). Although our sample size 
was small, these results provide additional evi- 
dence for microbiota-dependent regulation of 
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the establishment of OTUs from the consortium at 21 days after colo- 
nization. (D) The effects of treatment with the consortium on host me- 
tabolism (P < 0.05 for all metabolites shown, determined by Student's 
t test). Each row represents a metabolite from a given tissue, and each 
column represents an individual mouse. Tissues were collected 21 days after 


bone morphology (17), with the effects being in- 
fluenced by the age and nutritional status of the 
donor. 


Repairing impaired growth phenotypes 


We next determined whether age- and growth- 
discriminatory bacterial species were capable of 
repairing the growth abnormalities associated 
with microbiota from stunted and underweight 
donors. We selected gnotobiotic recipients of mi- 
crobiota from two 6-month-old donors that trans- 
mitted the most discordant growth phenotypes 
in the initial screen of 19 microbiota (fig. S5A). 
One was a healthy infant from Mangochi (HAZ = 
1.49, WAZ = 1.43, and WHZ = 0.9) with age- 
appropriate microbiota maturity (microbiota age 
of 6.7 months); the other was a severely stunted and 
underweight infant (HAZ = -3.35, WAZ = -3.08, 
and WHZ = -0.79) from Malindi (located 20 km 
from Mangochi) with an immature microbiota 
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(microbiota age of 4.6 months). The configurations 
of these transplanted microbiota were distinct: 
Mice colonized with the healthy donor com- 
munity were dominated by F. prausnitztt (33 + 
19% relative abundance), whereas mice colonized 
with microbiota from the undernourished donor 
were dominated by Clostridium neonatale (37 + 
11% relative abundance) (N = 5 mice per donor). 
Of the 27 species (66 97% ID OTUs) present in 
recipients of the healthy donor community 
and the 22 species (33 97% ID OTUs) present 
in recipients of immature microbiota from the 
undernourished donor, 13 OTUs representing 
13 different species were present in both (see fig. 
S5B and table S11). 

Taking advantage of the coprophagic behav- 
ior of mice, we gavaged 5-week-old male germ- 
free C57BL/6J animals with microbiota from 
either the healthy or the stunted and under- 
weight donor. Four days later, before pheno- 
typic differences were apparent, we combined 
(dually housed) mice containing the healthy (H) 
donor microbiota (H-H controls). We also com- 
bined mice that received the undernourished 
(Un) donor community (Un-Un controls). The 
experimental group consisted of H and Un mice 
that were cohoused with one another (H“™-Un™) 
(see Fig. 3A). All animals were fed the M8 diet 
beginning three days before colonization and 
throughout the course of the 3-week experiment. 
Animals were weighed twice a week; body com- 
position and fecal samples were assayed once a 
week. 

H™ and Un“ cagemates both gained signif- 
icantly more lean mass than Un-Un controls 
did (Un™, P = 0.0121; H“, P = 0.0447; Mann- 
Whitney test; Fig. 3B) but had no significant 
difference in lean mass gain relative to H-H con- 
trols. We characterized invasion using a previ- 
ously described approach (78) that uses Microbial 
SourceTracker [(19) and supplementary mate- 
rials]. The fecal microbiota of H-H or Un-Un 
controls sampled 4 days after gavage (just before 
cohousing) were treated as source communi- 
ties. The fecal communities belonging to each 
H™ and Un“ mouse were then traced to these 
sources (see the supplementary materials). Re- 
sults indicated significant invasion by members 
of the healthy microbiota into the microbiota 
of Un“ cagemates (Fig. 3C and table $12). Nine 
OTUs from the H™! cagemates’ microbiota were 
consistent invaders (a total of 12 cohoused mice). 
Based on the rank order of their invasion scores, 
the two most successful invaders were F: prausnitzii, 
an age- and growth-discriminatory taxon in the 
RF models and the most abundant OTU in the 
fecal microbiota of Un“ mice at the conclusion 
of the cohousing experiment, and Ruminococcus 
gnavus, a growth-discriminatory taxon. In con- 
trast, only two OTUs from the microbial com- 
munity of the undernourished donor successfully 
invaded the gut community of H™ mice; one 
was assigned as Enterococcus and the other as 
Eubacterium limosum, which together repre- 
sented 2.7 + 1.7% of the community after co- 
housing [the Enterococcus OTU 4316566 had a 
significant negative correlation with lean mass 
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gain in the initial screen of 19 donor microbiota 
(p = -0.14, P = 0.0065)]. 


Culturing discriminatory taxa and 
characterizing their effects on growth 


Acquisition of H“"-derived bacterial taxa in the 
microbiota of Un“ cagemates was accompanied 
by reductions in the relative abundances of 19 
OTUs in the latter, six of which were below the 
limits of detection (<0.01%) by the end of the 
cohousing experiment. These observations raised 
two questions. Which invasive OTUs mediated the 
observed effects on growth phenotypes? Did the 
reduction in other OTUs improve growth in Un“ 
cagemates? Therefore, we attempted to culture 
F. prausnitzti and R. gnavus from the fecal mi- 
crobiota of healthy Malawian infants from the 
iLiNS-DYAD-M cohort. These efforts yielded three 
additional strains—Clostridium newile (positive- 
ly correlated with lean mass gain), Clostridium 
symbiosum (lean mass gain-discriminatory), and 
Dorea formicigenerans (weight gain- and lean 
mass gain-discriminatory)—making for a five- 
member consortium. 

Analogous to the cohousing experiment, male 
germ-free C57BL/6J mice were placed on the 
M8 diet at 4.5 weeks of age; 3 days later, five mice 
were each given a single gavage with the intact 
microbiota from the Un donor, with or without 
the five-member consortium (Fig. 4A). The five- 
member consortium produced a significant 
increase in body weight and lean mass gain com- 
pared with the untreated group (P = 0.03 and P= 
0.01, respectively, at the time of euthanasia 21 
days after gavage; Mann-Whitney test) (Fig. 4B). 
Only two members of the consortium, R. gnavus 
strain TS8243C and C. symbiosum strain TS8243C, 
successfully colonized recipient mice [relative 
abundances of 27 + 3% (mean + SD) and 2.6 + 
0.3%, respectively, in feces obtained at euthana- 
sia] (Fig. 4C; fig. S6 and table S13 show the re- 
sults of reconstructions of selected metabolic 
subsystems in R. gnavus TS8243C and C. symbiosum 
TS8243C). None of the other members were de- 
tected in recipients sampled on days 4, 7, and 14 
after gavage. Moreover, the efficiency of incorpo- 
ration of members of the Un donor’s microbiota 
into recipient mice was indistinguishable be- 
tween the two treatment arms; i.e., (i) R. gnavus 
and C. symbiosum did not result in extirpation 
of any major constituents of the community 
[the only species that fell below 0.1% of the 
community’s composition was Bifidobacterium 
bifidum, whose relative abundance was only 
0.6 + 0.1% (mean + SD) in the control group at 
the time of euthanasia], and (ii) the proportion- 
al representation of OTUs in the Un community 
was similar between the experimental and con- 
trol groups (Fig. 4C and table S14). These results 
provide direct evidence that the cultured strains 
of R. gnavus and C. symbiosum ameliorate the 
impaired growth phenotype transmitted by an 
undernourished donor’s immature microbiota. 

The presence of these two organisms also 
affected metabolic phenotypes (Fig. 4D and table 
$15). The metabolic features that most discrimi- 
nated mice with R. gnavus and C. symbiosum 


from the untreated group were acylcarnitines 
(C5 to C22), which were significantly increased 
in cecal samples and decreased in the liver and 
serum of fed mice harboring the two taxa (P < 0.05, 
Student’s ¢ test). Some of these acylcarnitines 
also distinguished mice harboring the H ver- 
sus the Un donor microbiota (fig. $7, A and B). 
Among metabolites that were decreased in the 
livers of treated mice were the C5, C5-DC, and 
C6-DC acylcarnitines, all of which can be derived 
from branched-chain amino acid catabolism. 
As proposed for the comparison of mice har- 
boring the H versus the Un donor microbiota 
(see the supplementary materials), the decrease 
in these liver metabolites suggests an impact of 
the presence of two growth-promoting taxa on 
host metabolic machinery that drives amino 
acids away from oxidation in favor of protein 
synthesis and lean mass formation. The mech- 
anisms by which the gut microbiota communi- 
cates metabolically with other tissues remain to 
be defined. 

Acknowledging that the generalizability of 
these effects needs to be directly tested using 
additional microbiota from other undernourished 
infants and children, we proceeded to assess 
whether the growth-discriminatory taxa identi- 
fied in our preclinical model correlate with growth 
in Malawian infants and children. To do this, we 
used the 220 samples from the healthy Malawian 
twin cohort to generate two RF-based models. One 
regressed the 30 most weight gain-discriminatory 
OTUs shown in Fig. 2D against WHZ; the 
other regressed the 30 most lean mass gain- 
discriminatory taxa described in fig. S2 against 
this metric. We then evaluated how well the mod- 
els were able to predict WHZ scores in the 259 
members of the iLiNS-DYAD-M cohort across all 
time points surveyed (6, 12, and 18 months old 
for each individual). During this brief 12-month 
window, there were significant and positive cor- 
relations between predicted and observed WHZ 
using either the weight gain- or lean mass gain- 
discriminatory taxa (weight gain-discriminatory 
model, p = 0.12 and P < 0.0008; lean mass gain- 
discriminatory model, p = 0.11 and P < 0.002; P< 
0.0001 for both models in a permutation test with 
999 permutations). In both models, B. longwm was 
the most discriminatory taxon, with F. prausnitzii 
OTUs following as the second or third most dis- 
criminatory in the weight gain and lean mass 
gain models, respectively (fig. S10). The increasing 
ability to assemble the genomes of bacterial 
strains from shotgun sequencing of fecal com- 
munity DNA (20) should allow these types of 
analyses to be further developed in Malawian 
and other populations that are surveyed longi- 
tudinally at frequent intervals over extended pe- 
riods of time. This approach would also provide 
direct information about the representation of 
the strains that we cultured and subsequently 
characterized in our preclinical model. 


Prospectus 


The studies reported here indicate that gut mi- 
crobiota immaturity is not only associated with 
undernutrition but causally related to it. There 
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are several interrelated factors that could disrupt 
normal gut microbiota succession in infants and 
children. They include, but are not limited to, (i) 
poor maternal nutritional status, (ii) enteropath- 
ogen invasion, (iii) the history of consumption 
of antibiotics, (iv) disturbances in gut mucosal im- 
mune system development (27), and/or (v) the 
history of complementary feeding. Phenotyped 
birth cohorts provide an opportunity to perform 
correlation analyses designed to test the signifi- 
cance of the relationship between microbiota 
maturity (and the representation of specific age- 
and growth-discriminatory taxa), anthropometry, 
and the factors listed above, as well as the enig- 
matic disorder currently described as environ- 
mental enteric dysfunction (22). 

In this study, we showed that microbiota from 
6-month-old donors produced greater effects 
on growth in recently weaned mice than mi- 
crobiota from 18-month-old donors, although 
overall, the effects produced by a healthy donor’s 
age-appropriate community were greater than 
those produced by an undernourished donor’s 
immature microbiota. Though it will be impor- 
tant to extend these analyses to microbiota sam- 
pled from additional individuals representing 
this and other geographic sites and cultural tra- 
ditions, these findings suggest that in healthy 
children, microbiota development is optimized 
to satisfy the different growth needs of the host 
at different ages. An immature microbiota ap- 
pears to cause a form of neoteny that is not con- 
ducive to healthy growth when nutrients are 
limiting. How will a host adapt to therapeutic 
interventions that result in rapid progression to 
an age-appropriate microbiota? Are there mech- 
anisms (including those involving the mucosal 
immune system) that feed back to regulate the 
rate of microbiota development? The answers 
have implications for designing therapeutic strat- 
egies for durable repair and prevention of stunting 
and neurodevelopmental and/or immunologic 
abnormalities associated with undernutrition. 

So far, ready-to-use complementary foods with 
and without antibiotics have generally produced 
only modest effects on growth and the longer- 
term sequelae of undernutrition (23). Certain 
locally available complementary foods that are 
provided after the cessation of exclusive breast- 
feeding may have the ability to promote colo- 
nization of growth-discriminatory gut taxa in 
proportions that are age-appropriate, and these 
could be tested for their clinical value in systematic 
trials. In this respect, gnotobiotic mice colonized 
with microbiota from chronologically age-matched 
healthy and undernourished donors, and fed diets 
representative of those consumed by the micro- 
biota donors, should permit highly controlled di- 
rect tests of the effects of antibiotics, breast milk 
components (e.g., bovine mimics of human breast 
oligosaccharides), and complementary foods on 
the mechanisms by which growth-promoting 
bacterial strains influence growth, metabolic, 
bone, immune, and neurologic phenotypes. 
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Rpnl provides adjacent receptor 
sites for substrate binding and 
deubiquitination by the proteasome 
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INTRODUCTION: The ubiquitin-proteasome 
system comprises hundreds of distinct path- 
ways of degradation, which converge at the 
step of ubiquitin recognition by the protea- 
some. Five proteasomal ubiquitin receptors 
have been identified, two that are intrinsic to 
the proteasome (Rpn10 and Rpn13) and three 
reversibly associated proteasomal ubiquitin 
receptors (Rad23, Dsk2, and Ddil). 


RATIONALE: We found that the five known 
proteasomal ubiquitin receptors of yeast are 
collectively nonessential for ubiquitin rec- 
ognition by the proteasome. We therefore 
screened for additional ubiquitin receptors 
in the proteasome and identified subunit Rpn1 
as a candidate. We used nuclear magnetic res- 
onance (NMR) spectroscopy to characterize 
the structure of the binding site within Rpn1, 


toroid 


which we term the T1 site. Mutational analysis 
of this site showed its functional importance 
within the context of intact proteasomes. T1 
binds both ubiquitin and ubiquitin-like (UBL) 
proteins, in particular the substrate-delivering 
shuttle factor Rad23. A second site within the 
Rpn1 toroid, T2, recognizes the UBL domain 
of deubiquitinating enzyme Ubp6, as determined 
by hydrogen-deuterium exchange mass spec- 
trometry analysis and validated by amino acid 
substitution and functional assays. The Rpn1 
toroid thus serves a critical scaffolding role with- 
in the proteasome, helping to assemble multiple 
proteasome cofactors, as well as substrates. 


RESULTS: Our results indicate that protea- 
some subunit Rpni1 can recognize both ubiq- 
uitin and UBL domains of substrate shuttling 
factors that themselves bind ubiquitin and 


toroid 


Rpnl toroid 


A ligand-binding hotspot in the proteasome for assembling substrates and cofactors. 
Schematic (top) and model structure (bottom, left) mapping the UBL-binding Rpnl T1 (indigo) 
and T2 (orange) sites. (Bottom, right) Enlarged region of the proteasome designed to illustrate 
Rpnl Tl and T2 sites bound to a ubiquitinated (yellow) substrate (beige) and deubiquitinating 
enzyme Ubp6 (green), respectively. Aided by PDB 4CR2, 1WGG, 1VJV, and 2B9R. 
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function as reversibly associated proteasomal 
ubiquitin receptors. Recognition is mediated 
by the T1 site within the Rpn1 toroid, which 
supports proteasome function in vivo. We found 
that the capacity of Tl to recognize both 
ubiquitin and UBL shuttling proteins was shared 
with Rpni0 and Rpni3. The surprising mul- 
tiplicity of ubiquitin-recognition domains with- 

in the proteasome may 
promote enhanced, multi- 
Read the full article point binding of ubiquitin 
at http://dx.doi. chains. The structures of 
org/10.1126/ the TI site in its free state 
science.aad9421 and in complex with mono- 

ubiquitin or lysine 48 (K48)— 
linked diubiquitin were solved, which revealed 
that three neighboring outer helices from the 
T1 toroid engage two ubiquitins. This ubiquitin- 
binding domain is structurally distinct from 
those of RpniO and Rpni3, despite their 
common ligands. Moreover, the Rpni-binding 
mode leads to a preference for certain ubiquitin 
chain types, especially K6- and K48-linked 
chains, in a distinct configuration that can 
position substrates close to the entry port of 
the proteasome. The fate of proteasome- 
docked ubiquitin conjugates is determined 
by a competition between substrate degra- 
dation and deubiquitination; the latter leads 
to premature release of substrates. Proximal 
to the T1 site within the Rpn1 toroid is a sec- 
ond UBL-binding site, T2, that does not 
assist in ubiquitin chain recognition but, 
rather, in chain disassembly, by binding to 
the UBL domain of deubiquitinating en- 
zyme Ubp6. Note that the UBL interactors 
at Tl and T2 are distinct and assign sub- 
strate localization to T1 and substrate de- 
ubiquitination to T2. 


CONCLUSION: A ligand-binding hotspot was 
identified in the Rpn1 toroid, consisting of two 
adjacent receptor sites, referred to as Tl and 
T2. The Rpni toroid represents a distinct class 
of binding domains for ubiquitin and UBL 
proteins. The T1 site functions to recruit sub- 
strates directly by binding to ubiquitin itself 
and indirectly by binding to UBL shuttling 
factors, a feature shared by Rpni0 and Rpni3 
despite a lack of structural similarity among 
these receptors. The T2 site also binds to a 
UBL domain protein, in this case deubiquiti- 
nating enzyme Ubp6. This study thus defines 
a two-site recognition domain intrinsic to the 
proteasome that uses distinct ubiquitin-fold 
ligands to assemble substrates, substrate shut- 
tling factors, and a deubiquitinating enzyme 
in close proximity. 
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Hundreds of pathways for degradation converge at ubiquitin recognition by a proteasome. 
Here, we found that the five known proteasomal ubiquitin receptors in yeast are 
collectively nonessential for ubiquitin recognition and identified a sixth receptor, Rpnl. 
A site (T1) in the Rpni toroid recognized ubiquitin and ubiquitin-like (UBL) domains of 
substrate shuttling factors. Tl structures with monoubiquitin or lysine 48 diubiquitin 
show three neighboring outer helices engaging two ubiquitins. T1 contributes a distinct 
substrate-binding pathway with preference for lysine 48-linked chains. Proximal to T1 
within the Rpn1 toroid is a second UBL-binding site (T2) that assists in ubiquitin chain 
disassembly, by binding the UBL of deubiquitinating enzyme Ubp6. Thus, a two-site 
recognition domain intrinsic to the proteasome uses distinct ubiquitin-fold ligands to 
assemble substrates, shuttling factors, and a deubiquitinating enzyme. 


rotein fates are regulated on a global scale 
by the covalent conjugation of ubiquitin, 
which can direct target proteins to the 
proteasome for degradation. Misregula- 
tion of the ubiquitin-proteasome system 
is associated with a broad range of human dis- 
eases, such as cancer, developmental disorders, 
neurodegenerative diseases, immune disorders, 
and microbial infections. In the vast network of 
the ubiquitin-proteasome system, the recogni- 
tion of ubiquitin by the proteasome constitutes 
a central node. Defects in proteasomal ubiquitin 
receptors have been implicated in both amyo- 
trophic lateral sclerosis and Alzheimer’s disease 
(/, 2). Although the mechanisms by which the 
proteasome achieves its substrate specificity are 
largely unresolved, it is clear that myriad sub- 
strates are first committed to degradation through 
an initial receptor-mediated recognition step. 
There are two distinct modes of ubiquitin 
recognition by a proteasome. The intrinsic rec- 


Department of Cell Biology, Harvard Medical School, 240 
Longwood Avenue, Boston, MA 02115, USA. “Protein 
Processing Section, Structural Biophysics Laboratory, Center 
for Cancer Research, National Cancer Institute, Frederick, 
MD 21702, USA. “Department of Chemistry and Chemical 
Biology, Northeastern University, Boston, MA 02115, USA. 
‘Department of Analytical Chemistry, Shanghai Institute of 
Materia Medica, Chinese Academy of Sciences, Shanghai 
201203, P. R. China. °Linganore High School, Frederick, MD 
21701, USA. “Biophysics Resource, Structural Biophysics 
Laboratory, Center for Cancer Research, National Cancer 
Institute, Frederick, MD 21702, USA. 

*These authors contributed equally to this research. 
}Corresponding authors. E-mail: j.engen@neu.edu (J.R.E.); kylie. 
walters@nih.gov (K.J.W.); daniel_finley@hms.harvard.edu (D.F.) 


SCIENCE sciencemag.org 


ognition pathway uses specific proteasome sub- 
units (Rpnl0 and Rpni3) for ubiquitin binding 
(3-7), whereas the extrinsic recognition pathway 
uses shuttling factors (Rad23, Dsk2, and Ddil 
in yeast) to escort ubiquitinated substrates to 
the proteasome (8, 9). The shuttling factors are 
known as UBL-UBA proteins, because each binds 
the proteasome by means of a ubiquitin-like 
(UBL) domain while binding ubiquitin chains 
with a ubiquitin-associated domain (UBA). The 
intrinsic and extrinsic pathways are functionally 
redundant, at least in part, and cooperate in 
mediating substrate degradation by the protea- 
some (6, 8, 9). These receptors exhibit some sub- 
strate specificity but with a mechanistic basis 
that is poorly understood (9-13). 


Existence of an additional ubiquitin 
receptor in the proteasome 


To investigate ubiquitin binding by the protea- 
some, we first obtained an RPN/3 allele that 
abrogates ubiquitin binding while having no 
discernible effect on proteasome assembly. [Exist- 
ing alleles of Rpn13 decrease affinity for ubiquitin 
to one-eighth that of wild-type (6)]. Guided by 
nuclear magnetic resonance (NMR) data, we in- 
troduced two substitutions into the loop segments 
of the PRU domain, which, when combined with 
three previously characterized substitutions, com- 
pletely abolished Rpn13 binding to ubiquitin, as 
judged by the absence of spectral changes in NUR 
titration experiments performed at high concen- 
trations of ubiquitin and Rpn13 (fig. S1). The re- 
sulting rpnJ3 E41K E42K L43A F45A S93D mutant 
is referred to as rpn13-pru below. 
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To test whether the five known proteasomal 
ubiquitin receptors are together required for 
ubiquitin recognition by the proteasome, we 
introduced the rpn13-pru allele into a strain 
carrying mutations in the other four receptors, 
all of which appear to be nulls for ubiquitin 
recognition. Unexpectedly, this strain, hereafter 
known as the quintuple mutant, proved to be 
viable and only moderately defective in growth 
under standard conditions (Fig. 1A). This strain 
did display a range of physiological defects, in- 
cluding heat sensitivity, canavanine sensitiv- 
ity, and high salt sensitivity (Fig. 1A); evidently, 
its ubiquitin-proteasome system is strongly at- 
tenuated. In summary, the viability of the quin- 
tuple mutant led us to hypothesize the existence 
of still unidentified ubiquitin receptors on the 
proteasome. 

Proteasome subunit Dss1/Sem1 was recently 
proposed to be a novel ubiquitin receptor for this 
complex (/4). In this study, recombinant Sem1 
was shown to bind ubiquitin, but whether pro- 
teasomes lacking Sem1 are defective in ubiquitin 
recognition was not examined. To evaluate Sem1, 
we tested the ubiquitin-binding activity of semIA 
proteasomes. We could not resolve any defect, 
even in genetic backgrounds in which other 
ubiquitin receptors had been eliminated (fig. 
$2), and thus, further studies may be required 
to validate Sem1 as a proteasomal ubiquitin recep- 
tor. Because the ubiquitin-binding surface of Sem1 
overlaps with its proteasome-binding surface 
(14), simultaneous binding of the proteasome 
and ubiquitin by Sem1 might not be possible. Al- 
though mutations in the ubiquitin-binding re- 
gion of Sem1 lead to hypomorphic proteasome 
phenotypes, these mutations are also associated 
with proteasome assembly defects. 

To test further for additional proteasomal 
ubiquitin receptors, we characterized proteasomes 
in which all five known ubiquitin receptors 
were either functionally inactivated by making 
amino acid substitutions in their ubiquitin-binding 
sites or removed during purification by salt wash. 
When such proteasomes were electrophoresed 
on a native gel in the presence of ubiquitin con- 
jugates, their migration—visualized by an in-gel 
activity assay—was retarded, which indicated 
productive binding (Fig. 1B). This binding activ- 
ity was further localized to the nine-subunit base 
subcomplex by using native gel-shift assays (fig. 
$3). With the number of candidate receptors nar- 
rowed down in this way, we tested proteins indi- 
vidually for ubiquitin binding. Rpn1, in particular, 
proved to form a stable complex (Fig. 1C) with a 
model proteasome substrate, ubiquitinated PY-Sicl 
(15). Rpn1 binding to this substrate was specific 
to the ubiquitin moiety, because nonubiquitinated 
Sicl, an internal control, failed to bind (Fig. 1C). 
Rpnl, the largest subunit of the base, has been 
previously suggested to serve in the recognition 
of UBL proteins, such as Rad23, by the proteasome 
(16-18). 

Rpni is paralogous to Rpn2, the structure of 
which has been solved by x-ray crystallography 
(19). Both proteins have a centrally located domain 
composed of 11 repeats of 30 to 40 residues each 
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that form helix-turn-helix hairpins, known as PC 
repeats (20). Collectively, these repeats form a 
closed toroid (19). On the basis of these data, we 
generated a series of deletions in Rpni. Using 
ubiquitinated PY-Sicl as a ligand, the binding 
activity of Rpnl was mapped to residues serine 
376 (S376) to alanine 635 (A635) (fig. S4). This 
fragment was trimmed further to obtain a re- 
combinant fragment suitable for NMR, residues 
glycine 412 (G412) to threonine 625 (T625) (fig. 
S5A). NMR titration experiments in which un- 
labeled ubiquitin was added to N-labeled Rpn 
(412-625) showed clear binding (Fig. 1D). The 
signals in the NMR spectrum were assigned to 
Rpni amino acids (fig. S5, A and B), as described 
below and in the supplementary materials (SM). 
In an Rpni model structure, those residues that 
contact ubiquitin according to the titration ex- 
periment (fig. S6) map to three outer helices of 
the toroid (Fig. 1E). We thus name this ubiquitin- 
binding region TI (toroid 1). Plots of the spectral 
changes observed for each amino acid with ubiq- 
uitin addition revealed two distinct binding af- 
finities, with amino acids from helix 26 (H26) 
presenting dissociation constant (Ka) values of 


350 + 70 uM and those from H28 and H30 with 
values of 120 + 10 uM (fig. $7). Thus, two weak 
binding sites for monoubiquitin are suggested 
on TI. 

When unlabeled Rpn1 (412-625) was added 
to PN- or “C-labeled ubiquitin, significant shift- 
ing was observed for amino acids located in 
the ubiquitin B-strand surface (Fig. 1F and fig. 
S8), which is recognized as well by Rpn10 and 
Rpn13 (7, 27). Included in this surface are spe- 
cific residues of leucine, arginine, isoleucine, 
histidine, and valine L8, R42, 144, H68, V70, 
and R74, which shift significantly when Rpn1 is 
added. 


The Rpni T1 site binds two ubiquitins 
with three outer toroid helices 


Because only a model structure was available 
for Rpnl, we used NMR to solve the structure 
of the T1 site. The N- and C-terminal portions 
of Rpn1 (412-625) were poorly behaved, with 
Y608 to T625 absent from the recorded spectra 
and G412 to K484 disordered (fig. S5, B and C). In 
addition, we observed a concentration-dependent 
dimerization, as determined by dynamic light 
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scattering (fig. S9A), which NMR data suggested 
to be mediated by the inner helices (H27, H29, 
and H31) of the toroid (Fig. 1E and fig. S9, B 
and C). These effects are no doubt the result of 
truncation artifacts, although larger deletions 
only destabilized the protein fold further (fig. 
$10). Nonetheless, by using standard NMR tech- 
niques, as well as stereoselective methyl label- 
ing and four-dimensional (4D) nuclear Overhauser 
effect spectroscopy (NOESY) experiments to re- 
cord interactions between methyl groups (fig. 
S11), we were able to solve the structure of the 
Rpni TI site. This region folds into 3.5 PC re- 
peats (Materials and Methods and table S1), 
with H25 forming an incomplete hairpin struc- 
ture (Fig. 2A). H26 to H31, which forms three 
complete hairpins, converge to a backbone root 
mean square deviation (RMSD) of 0.8 A. The 
4D NOESY spectrum (fig. S11) and an evalua- 
tion based on chemical shift values (fig. S5C) 
revealed H25 to be helical, but loss of its hairpin 
partner (presumed to range from A470 to T479) 
apparently destabilized it and resulted in this 
helix adopting a dynamic orientation relative to 
H26 to H31. 


Cc 2 Rpni0 Rpni3 Rpni | GST 
= wTuim WT pru WT _ | fusions 
"] 17-PY-Sict-Ub, 
- T7-PY-Sict 
aid? a 2 | 
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= ~~ GST-Rpnio 
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F 
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Fig. 1. Evidence for an additional ubiquitin receptor in yeast. (A) Yeast 
strains with the indicated genotypes were serially diluted, transferred to agar 
plates, and incubated at 30°C. Media were yeast extract peptone dextrose 
(YPD), YPD with 1 M NaCl (top row), synthetic medium lacking arginine (Arg), 
or Arg” with 6 um/ml canavanine (bottom row). AUU designates the rad23A 
dsk2A ddilA background. WT, wild type. (B) Proteasome association with 
ubiquitin conjugates evaluated by a mobility-shift assay. RP complexes were 
purified from an rpn10-uim rpn13-pru strain and incubated with core particle. 
Reconstituted proteasomes were incubated with autoubiquitinated Cdc34, 
resolved via native PAGE, and visualized with a fluorogenic activity stain. (C) 
Known and candidate ubiquitin receptor proteins were expressed in bacteria as 
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GST fusion proteins and immobilized on glutathione resin. Ubiquitinated T7-PY- 
Sicl conjugates were used as ligand. Resin-bound proteins were resolved by 
SDS-PAGE, blotted, and probed with antibodies as indicated. Direct loading of 
ubiquitinated T7-PY-Sicl is also included (input). (D) 1H, N heteronuclear 
single-quantum coherence (HSQC) spectra of N Ronla.625 (black) and with 
equimolar ubiquitin (orange). A titration series is displayed to the right for D541 
with increasing ubiquitin, as indicated. (E) Model ribbon diagram of the Rpn1 
toroidal domain [PDB 4CR2 (47)] showing residues that shift after ubiquitin 
addition (D) in orange. (F) Ubiquitin amino acids with amide signals that shift 
by 1 SD above average after Rpn1 T1 addition, as shown in fig S8, B and D, are 
labeled and highlighted in orange on a ribbon diagram [PDB 2K39 (48)]. 
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We next solved the structure of the Rpn1 T1 
site in complex with ubiquitin, as described in 
Materials and Methods and (22). Spectra col- 
lected on this protein complex showed higher 
signal-to-noise ratio (fig. S12) compared with 
those recorded on free Rpni and indicated that 
the structure of the Rpn1 T1 site does not change 
upon binding to ubiquitin (fig. $13, A, B, and D). 
Moreover, spectra from NOESY recorded on the 
complex were used to generate new intramo- 
lecular constraints for Rpni to be used in the 
calculation of the Rpnl Tl:ubiquitin complex 
(table S2). Half-filtered NOESY experiments, 
specialized to record interactions between Rpn1 
and ubiquitin, revealed many contacts involving 
ubiquitin L8, T9, 144, V70, L71, and L73 (fig. S14, A 
and B), as expected from the titration experiment 
(Fig. IF). Intermolecular contacts involving these 
amino acids validated the presence of two binding 
sites. For example, L8 contacted both L508 and 
T544 (fig. S14A), which are separated by a 16-A 
distance across the toroid (fig. S14C). Ultimately, 
106 unambiguous intermolecular distance con- 
straints were identified between Rpn1 and two 
ubiquitin molecules (table S2). Twenty-four inter- 
molecular paramagnetic relaxation enhancement 
(PRE)-derived constraints were also collected 
with a spin label substituted for ubiquitin G75 
(fig. S15A). The resulting structures converged to 
a backbone RMSD of 0.93 A (fig. S16) with one 
ubiquitin at a surface formed by H28 and H30 
(H28/H30) (Fig. 2B, orange) and the other at 
H26 (Fig. 2B, yellow). Individually, the H28/H30: 
ubiquitin region converged better than the H26: 
ubiquitin region, with backbone RMSD values of 
0.58 and 0.74, respectively (table S2), owing to 
fewer detected interactions for the lower-affinity 
H26 site (figs. S14, A and B, and S7). Both sites 
use hydrophobic amino acids to engage ubiquitin 
L8-144-V70 (Fig. 2C). 

One of seven lysines or the N-terminal methi- 
onine in ubiquitin is used to generate ubiquitin 
chains, which differ in their signaling properties 
(23). To evaluate Rpni ubiquitin chain preference 
experimentally, resin-bound His-scRpn1 was incu- 
bated separately with diubiquitin of each linkage 
type, washed, and complex formation assayed 
by immunoblotting with ubiquitin-specific anti- 
body. In this experiment, Rpn1 T1 demonstrated 
the greatest affinity for K6 and K48 diubiquitin 
(Fig. 2D), the latter of which is an established link- 
age type for signaling substrate proteolysis by 
the proteasome (23). Consistent with this result, 
G76 from ubiquitin at H28/H30 is spatially close 
to K48 and K6 of the ubiquitin at H26 (Fig. 2B 
and fig. S14D). An NMR titration experiment re- 
vealed Rpn1 to prefer K48-linked ubiquitin chains 
to monoubiquitin with 11- and 2.7-fold increased 
affinity at H28/H30 and H26, respectively (Fig. 
2E), as supported by isothermal titration calo- 
rimetry (ITC, Fig. 2F). The 11 uM affinity of 
Rpni for K48 diubiquitin is similar to the 13 uM 
affinity reported for scRpnl0 binding to K48 
diubiquitin (24). 

Human Rpni (404-617) is 43.8% identical to 
scRpn1 (412-625) (fig. S17). Glutathione S-transferase 
(GST) fused with hRpni(GST-hRpni (404-617) or 
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GST (as a negative control) was bound to glu- 
tathione S-Sepharose resin and incubated with 
diubiquitin of each linkage type. After removal 
of unbound proteins by washing, binding between 
hRpn1 Ti and ubiquitin was assessed by immu- 
noblotting. This experiment confirmed that hu- 
man Rpni also harbors the ubiquitin-binding T1 
site, which prefers K6 and K48 linkages (Fig. 2G). 


The T1 plays a dual role in binding 
ubiquitin chains and shuttle 
factor Rad23 


Rpn1 H28 contacts both ubiquitins forming elec- 
trostatic interactions with D541, D548, and E552 
(Fig. 2C). We replaced these residues in the Rpn1 
T1 site to generate a D541A D548R E552R triple 
mutant. The structural integrity of this ARR 
mutant was maintained, as indicated by two- 
dimensional (2D) NMR analysis (fig. S18). These 
substitutions eliminated ubiquitin interaction at 
fivefold molar excess (Fig. 3A), as well as Rpn1 T1 
binding to K6 and K48 diubiquitin in GST pull 
down (Fig. 3B) and ITC (fig. S19) experiments. 
Using the D541A D548R E552R mutant (here- 
after rpnI-ARR), we tested in vitro ubiquitin 
binding activity in the context of full-length Rpn1. 
The Rpni-ARR protein showed substantially de- 
creased binding activity to ubiquitinated PY-Sicl 
(Fig. 3C). 

We also tested the binding of Rad23 to the 
Rpni-ARR protein. Rpnl-ARR proved to be al- 
most completely defective in Rad23 binding as 
well (Fig. 3D). This binding was mediated by the 
UBL domain of Rad23, in agreement with previ- 
ous studies of the Rad23-Rpn1 interaction (16, 18). 
Thus, the Rpni-ARR mutation appears to define 
a binding site for both ubiquitin and UBL-UBA 
proteins. To test this model further, we added 
unlabeled Rad23 UBL domain to “N-labeled Rpn1 
Tl and used 2D NMR to visualize the affected 
amino acids. This experiment validated the po- 
sitioning of H28 at the UBL contact surface (Fig. 
3E and fig. S20). ITC demonstrated that Rpn1 
(412-625) binds Rad23 UBL with an affinity of 
64 + 25 nM (Fig. 3F), and binding was not de- 
tectable with the triple mutant (fig. S21). Thus, 
H28 is a hotspot within the Rpni T1 site for 
directly and indirectly receiving ubiquitinated 
substrates. 


Phenotypic effects of the 
rpn1-ARR mutation 


To assess the ubiquitin-binding activity of Rpn1 
in vivo, we integrated the ARR mutation into the 
genomic RPNI locus. Rpnl-ARR proteasomes 
were found to resemble those of wild type in 
their assembly and stability, based on several as- 
says: Proteasomes were purified from rpn1-ARR 
cells without apparent difference in composi- 
tion or yield (fig. S22A); the amount of Rpn1- 
ARR protein was comparable to that of wild type 
(fig. S22); the relative amounts among different 
subcomplexes of the proteasome were unaffected 
by the rpni-ARR mutation (fig. S22C); the SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) 
and native gel profiles of wild-type and Rpnl- 
ARR proteasomes were indistinguishable (fig. S22, 
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A to C); no mutant-specific fragmentation of 
the protein was observed for total yeast cell 
extracts probed with an Rpn1-specific antibody 
(fig. S22D). 

To assess the affinity of the proteasome for 
ubiquitin conjugates and UBL proteins in a de- 
fined biochemical system, we used proteasomes 
reconstituted from their two major subassemblies, 
the 19-subunit regulatory particle (RP), which 
contains Rpnl, and the 28-subunit proteolytic 
core particle (CP). The RP was purified from 
strains bearing RPNI-WT or rpni-ARR alleles in 
the rpn13-pru rpn10-uim background (fig. S23A) 
and was reconstituted into holoenzyme by add- 
ing back purified wild-type CP. Reconstituted pro- 
teasomes have a strong ubiquitin-binding activity 
that is lost in the rpnI-ARR mutant (Fig. 4A). 
This activity cannot be attributed to contaminat- 
ing UBL-UBA proteins, because the molar ratio 
of Rad23 to RP is very low in these preparations 
(between 1:340 to 1:680) (fig. S23, B and C). More- 
over, the dependence of ubiquitin binding on 
Rpn1 was also seen using RPs purified from the 
ubl-ubaA background (fig. S23D). These results 
show that the Rpni T1 site can function as a 
ubiquitin receptor on the proteasome and that 
this ubiquitin-binding surface in whole protea- 
somes is the same as that characterized by NMR. 

To test whether conjugate binding to the T1 
site could support protein degradation, we used 
an established in vitro degradation assay based 
on ubiquitinated cyclin B1 (25-27); all protea- 
somes tested were from the rpnJ3-pru rpn10-uim 
ubl-ubaA background. The rpnj-ARR mutation 
led to stabilization of cyclin B1 in this assay (Fig. 
4B). Stabilization was incomplete, however, which 
pointed to the possible existence of a fourth in- 
trinsic ubiquitin receptor in the proteasome. Sim- 
ilar results were obtained using ubiquitinated 
PY-Sicl (fig. S24). 

We next examined the rpnJ-ARR phenotype 
for signs of proteasome dysfunction in vivo. Pro- 
teasome function in yeast is typically assayed in 
the presence of the arginine analog canavanine, 
whose presence in proteins induces misfolding 
and consequent proteasome-mediated degrada- 
tion. rpnJ-ARR exhibited a canavanine-sensitive 
phenotype when in the presence of the rpni0- 
uim allele (Fig. 4C). Its synthetic interaction with 
rpni0-uim was similar to that of rpn13-pru. In 
these strains, all genes encoding UBL-UBA pro- 
teins had been deleted, so that proteasome output 
should be driven only by direct ubiquitin recog- 
nition by intrinsic ubiquitin receptors. Thus, the 
canavanine-sensitive phenotype of the rpnI-ARR 
allele suggests that Rpn1 can support ubiquitin- 
dependent substrate recognition in cells. Its abil- 
ity to do so is at some level redundant with other 
proteasomal ubiquitin receptors, a common char- 
acteristic of these proteins. 

As discussed above, the isolated toroid domain 
of Rpni can bind both ubiquitin and the UBL 
protein Rad23. To assess which of the intrinsic 
proteasomal ubiquitin receptors can also bind 
UBL proteins within the context of intact pro- 
teasomes, we purified proteasomes from yeast 
strains that express mutant forms of two of the 
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Fig. 2. The Rpni T1 site engages two ubiquitin molecules in a mode suited 
for K48-linked chains. (A) Backbone heavy atoms for the 10 lowest energy 
structures of the Rpn1 T1 site with H26 to H31 superimposed. The N- and 
C-terminal residues and the individual helices are labeled. (B) Ribbon 
diagram of the lowest energy structure of the Rpn1 T1 site (blue) bound to two 
monoubiquitin molecules (orange and yellow). Heavy atoms for G76, the M1 
backbone, and lysine side chains are displayed with their oxygen and nitrogen 
atoms in red and blue respectively. Displayed side chains for the ubiquitin at 
28/H30 are labeled in orange, whereas those from the ubiquitin centered at 
26 are labeled in black. Dashed red lines are drawn between G76 from the 
biquitin at H28/H30 and the closest lysine side chains (K6 and K48) from the 
biquitin at H26; the distance between these two pairs of amino acids is <10 A 
nd the flexibility of the lysine side chain and C-terminal tail of monoubiquitin 
allows this distance to be readily shortened. (©) Zoomed-in view of (B) 
highlighting the Rpn1l:ubiquitin contact surface with key amino acids displayed 
and labeled. Electrostatic interactions are indicated with red dashed lines. 
(D) Pull-down assay with His-scRpn!1 full length protein and M1-, K6-, K11-, K27-, 
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left). Immunoblotting was done with antibody against ubiquitin (anti-ubiquitin) 
(top, left) or antibody against polyhistidine (anti-His) (middle, left). Intrin- 
sically disordered protein SocB-His (49) was used as a negative control 
with K48 diubiquitin, as indicated. Direct loading for 15% of the diubiquitin 
input for each chain type with immunoblotting by ubiquitin-specific antibody is 
included (bottom, left). The pull-down assay was repeated four times, and the 
diubiquitin signal intensities were separately normalized to the strongest 
signal by using ImageJ. The average value and standard deviation are plotted 
(right). (E) Shifting for indicated Rpn1 T1 site residues plotted with increasing 
K48 diubiquitin and fitting to the listed Kg values. CSP, chemical shift per- 
turbation. (F) ITC analysis of Rpnlajz-625 binding to K48 diubiquitin. K48 
diubiquitin (1.91 mM) was injected into a calorimeter cell containing 0.18 mM 
Rpnlyj2-625, and the data were fit to a two-site sequential binding mode 
to yield the indicated thermodynamic values. (G) As in (D) but with GST- 
hRpnlyo4-617 or GST (as a control). In this case, quantification on the right 
was done with two independent pull-down assays. 
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three intrinsic receptors, which left only a single 
receptor functional. As a control, one strain car- 
ried mutant forms of all three receptors. Using a 
gel-shift assay, we found that all three receptors 
could bind Rad23 (Fig. 4D). Therefore, the dual 
ubiquitin-UBL-binding mode seen for Rpn1 is a 
general feature of proteasomal ubiquitin receptors. 
These data were confirmed by using endoge- 
nous material; copurification of Rad23 with rpni0- 
uim rpni3-pru proteasomes was reduced by the 
rpni-ARR mutation (Fig. 4E). This effect is not 
due to a reduced level of Rad23 in the mutant 
strain (fig. S25). We also found, using recombi- 
nant material, that the T1 site was a Dsk2-binding 
site (fig. S26). 

Notably, control proteasomes lacking ubiqui- 
tin- and/or UBL-binding sites in all three re- 
ceptors showed no detectable interaction with 
Rad23 (Fig. 4D), which suggested that all major 
proteasomal receptors for this UBL-UBA protein 
have now been identified. The contribution of 
Rpnlo0 to Rad23 binding was unexpected, be- 
cause several previous studies had found that 
Rpnio did not appear to contribute to UBL pro- 
tein recognition by intact proteasomes (J6, 28, 29). 
The difficulty in resolving this binding interaction 
in the past was likely the result of high background 
binding due to Rpni and Rpni3. One possible 


caveat to these data is that some fraction of co- 
purified Rad23 may be indirectly pulled down by 
ubiquitin conjugates by the ubiquitin-binding UBA 
domains that are present in Rad23. This is ad- 
dressed, however, by the reconstitution experi- 
ments of Fig. 4D. In summary, our results reveal 
a deep interconnectivity between the intrinsic and 
extrinsic ubiquitin receptors of the proteasome, 
where each intrinsic receptor can dock ubiquitin 
conjugates either by direct ubiquitin recognition or 
indirectly by an extrinsic receptor. 

In phenotypic studies, we found that the T1 
site of Rpnl may promote protein degradation, 
as well as DNA repair, through UBL binding. In 
particular, the proteasome substrate Gic2, in its 
tandem affinity purification (TAP)-tagged form 
(30), is strongly stabilized by the T1 site mu- 
tation, and this effect depends on the expression 
of UBL-UBA proteins (Fig. 4F). Similar effects 
were observed for Gcen4 (fig. S27). Mutation of 
the TI site also leads to a phenotype of sensitivity 
to 4-nitroquinoline 1-oxide (4-NQO), which sug- 
gests a defect in DNA repair (Fig. 4G). No dif- 
ference was seen between mutant and wild-type 
forms of T1 in the UBL-UBA null genetic back- 
ground, consistent with mediation of the 4-NQO- 
sensitive phenotype by an interaction between the 
proteasome and Rad23, a known DNA repair 
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factor (32). In summary, phenotypic data suggest 
that the T1 site functions by the docking of ubiq- 
uitin conjugates at the proteasome but can do so 
both directly and through docking of ubiquitin 
receptors. 


Structure of Rpn1 T1:K48 diubiquitin 
reveals a pathway at the proteasome for 
ubiquitin chains 


Because of the importance of K48 ubiquitin 
chains in targeting substrates for proteolysis, 
we characterized Rpni binding to this chain type 
more extensively. As observed with monoubiqui- 
tin (fig. S13, A and B), binding to K48 diubiquitin 
did not change the Rpni T1 fold, as demon- 
strated by contacts between methyl groups (fig. 
$13, A and C). NMR experiments designed to 
record intermolecular contacts between Rpnl 
and each ubiquitin of the K48 dimer revealed the 
presence of two binding modes. In particular, 
each ubiquitin moiety can bind to either the 
H28/H30 or the H26 binding surface (fig. S28). 
We thus calculated two sets of Rpnl T1:K48 
diubiquitin structures (Materials and Methods 
and table S2). In addition to nuclear Overhauser 
effect (NOE)-derived distance constraints, we 
obtained intermolecular distances between the 
Rpn1 TI site and each ubiquitin of the K48 dimer 
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Fig. 3. H28 of the Rpnl T1 site plays a dual role in binding ubiquitin 
chains and shuttle factor Rad23. (A) Selected regions from 'H, *N HSQC 
spectra of °N wild-type Rpnlap-625 (left) and N Rpnlas.625-ARR (D541A/ 
D548R/E552R, right) alone (black) and with ubiquitin (orange) at four- and 
fivefold molar excess, respectively. (B) GST pull-down assay with GST, GST- 
Rpnlgiz-625, GST-Rpnlyiz-625-ARR, or GST-Rpnlip-625 A514G-D517A-D541A- 
D548R-E552R (GAARR) and the indicated ubiquitin species. Immunoblotting 
was done with anti-ubiquitin (top) or anti-GST (bottom) antibodies. (C) De- 
fective ubiquitin binding by the Rpn1-ARR mutant protein. Full-length GST-Rpn1 
fusion protein was expressed, purified, and tested for binding to ubiquitinated 
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T7-PY-Sicl. GST-RpnlO and GST-Rpnl0O-uim were included as positive and 
negative controls, respectively. (D) Rad23 variants were tested for binding to 
Rpnl-WT and Rpni-ARR. A mixture of recombinant Rad23-Flag and Rad23AUBL- 
Flag (serving as an internal negative control) were used as ligands. UBA domains 
were absent from both constructs. (E) Rpnl amino acids at the Rad23 UBL 
domain contact surface, as determined by the data in fig. S20 are highlighted 
in orange on the ribbon diagram of the Rpnl T1 site. (F) ITC analysis of the 
Rpnil T1 site binding to Rad23 UBL. Rad23 UBL (0.407 mM) was injected into 
a calorimeter cell containing 0.036 mM Rpnly2-625, and the data were fit to a 
one-site binding mode with the indicated thermodynamic parameters. 
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by using PRE data obtained by placing a spin 
label in the loop connecting H26 and H27 at L518 
(fig. SI5B). In one set of calculations, 104 NOE- 
and 19 PRE-derived intermolecular distance con- 
straints placed distal ubiquitin at Rpn1 H28/H30 
and proximal ubiquitin was centered at Rpnl 
H26 (Fig. 5A and fig. S29A); proximal ubiquitin is 
so-designated for its free G76, which can, in 
principle, be conjugated to a substrate. We refer 
to this binding mode as “extended,” because ad- 
dition of ubiquitin moieties at either end of the 


chain yields an opened configuration across the 
Rpn1 T1 site, as illustrated in a model structure 
of Rpnlygo-612 bound to K48 tetraubiquitin (Fig. 
5B, left). 

The second set of structural calculations uses 
100 NOE- and eight PRE-derived intermolecular 
distance constraints that place proximal ubiq- 
uitin at H28/30 and distal ubiquitin at H26 
(Fig. 5C and fig. S29B). In this binding mode, 
G76 from ubiquitin at H28/H30 is spatially close 
to ubiquitin at H26 (Fig. 5C, expanded region), a 
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some subunit Rpnd, as a loading control. (F) In vivo degradation of protea- 
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configuration caused by a H-bond between prox- 
imal ubiquitin R74 and Rpni D541 and by van 
der Waals interactions between proximal ubiq- 
uitin L73 and Rpnl L510 and A514 (Fig. 5C, 
expanded region). This binding orientation re- 
sults in a “contracted” ubiquitin chain, best il- 
lustrated in a model structure with K48-linked 
tetraubiquitin (Fig. 5B, right). 

Many electrostatic and hydrophobic inter- 
actions used to bind monoubiquitin are preserved 
when the Rpni T1 site binds K48 diubiquitin 
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and resolved by SDS-PAGE. Proteins were blotted and probed for Gic2-TAP, 
with Pgkl as a loading control. (G@) The rpn1-ARR allele confers sensitivity to 
4-NQO. Cultures of strains carrying the indicated mutations were serially 
diluted, transferred to YPD plates either lacking or containing 0.1 ug/ml 
4-NQO, and incubated at 30°C for 2 days. 
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(Figs. 2C and 5D). The backbone RMSD between 
the contracted and extended binding mode is 
0.49 and 0.36 A for ubiquitin binding at Rpn1 
H26 and H28/H30, respectively. This similarity 
reflects that contacts between ubiquitin L8, T9, 
144, V70, L71, and L73 and Rpni H26, H28, and 
H30 are retained in all cases, as supported by 
the experimental data (figs. $14 and $28). 

We computationally generated a model sub- 
strate (cyclin B1) with an attached K48 triubiqui- 
tin chain and docked it in the extended binding 
mode into the Rpn1 T1 site of a proteasome cryo- 
electron microscopy (cryo-EM)-based model struc- 
ture (PDB 4CR2). The resulting model illustrated 
the substrate to be directed toward the adenosine 
triphosphatase (ATPase) ring and its substrate 
entry channel (fig. S30). We next adapted this 
model to include our Rpn13 Pru:ubiquitin (7) and 
hRpn10:K48 diubiquitin (32) structures (Fig. 5E). 
The full model represents an additional pathway 
for ubiquitin chain binding contributed by the 
Rpni T1 site that exists on the same proteasome 


A extended mode 


proximal Ub 


proximal 


face as the ubiquitin-binding pathway generated 
by hRpni3 and hRpn10. Additional experiments 
will be needed to test this model further. 


A second UBL-recognizing site 

on the Rpn1 toroid binds a 
deubiquitinating enzyme 

In transit from Rpni and the other proteasome 
ubiquitin receptors to the catalytic center, sub- 
strates are deubiquitinated before passing through 
a narrow gating mechanism, as reviewed in (33). 
We have previously suggested that the principal 
binding site for Ubp6 on the proteasome may be in 
Rpn1 (/8, 34), and more recently Rpt has also been 
implicated as an interaction site (35, 36). Using 
purified Rpni and purified Ubp6, we were unable 
to map the putative Ubp6 binding site of Rpn1 by 
deletion analysis. We turned to hydrogen exchange 
mass spectrometry (HX MS), which has proven 
useful for structural characterization of protein 
systems intractable by other techniques. HX MS 
reports on backbone amide hydrogens of proteins, 


extended mode 


Rpnt, © 
ea 


which undergo isotopic exchange in deuterated 
solvent (37-39). Exchange rates can vary by many 
orders of magnitude (40) and are influenced by 
both hydrogen bonding of the backbone and sol- 
vent accessibility. 

During HX MS analysis of free Rpn1, it became 
apparent that extensive regions of Rpn1 under- 
went localized cooperative unfolding, visualized 
as multiple populations that incorporate deute- 
rium at different, nonsynchronized rates. Such ex- 
change kinetics, termed EX] (47-43), are a hallmark 
of a heterogeneous protein population, often 
reporting on long-lived conformational fluctua- 
tions (44) that result from changes in the confor- 
mational ensemble during the deuterium labeling. 
We hypothesized that Rpn1 incorporated into the 
base complex might be stabilized by intermolecular 
interactions within this complex, and therefore 
attempted to map the Rpn1-Ubp6 interaction in 
the context of the base. 

A base-Ubp6 complex was subjected to deu- 
terium labeling, followed by proteolytic digestion, 


contracted mode 


Fig. 5. Structures of the Rpn1 T1:K48 diubiquitin complex suggest a path- 
way for ubiquitin chain recognition at the proteasome. (A and C) Lowest- 
energy structures of Rpnlyg2-612:K48 diubiquitin in the extended (A) or 
contracted (C) binding mode. These structures were solved experimentally by 
using a suite of NMR experiments, as described in Materials and Methods by 
using the data listed in table S2. An enlarged view is included in (C) to illustrate 
restricted accessibility of proximal ubiquitin G76. Displayed amino acid side 
chains from distal ubiquitin (orange) are labeled in orange, whereas those from 
proximal ubiquitin (yellow) are labeled in black. Blue coloring is used for Rpn1, 
with helices labeled in gray. (B) Model of Rpnl T1:K48 tetraubiquitin by adding 
a ubiquitin (yellow) to each end of the K48 diubiquitin chain for the extended 
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(left) and contracted (right) experimentally determined Rpn1 T1:K48 diubiquitin 
structure. The Rpn1 T1:K48 tetraubiquitin structures were energy-minimized by 
using Schrédinger (www.schrodinger.com). (D) Expanded view of the extended 
(top) or contracted (bottom) binding mode for Rpnl T1:K48 diubiquitin to 
illustrate hydrophobic and electrostatic interactions at the contact surface. 
(E) Model of proteasome engaging a ubiquitinated substrate, generated with 
Rpnl T1:K48 diubiquitin in the extended binding mode, Rpn13 Pru:ubiquitin 
(PDB 2259), hRpnl0:K48 diubiquitin (PDB 2KDF), and human cyclin Bl (PDB 
2B9R) placed into a proteasome cryo-EM—based model (PDB 4CR2). Rpnl, 
blue and indigo; ubiquitin, yellow; Ron13 Pru, navy; Rpn1o, light blue; substrate, 
beige; ATPase ring, burgundy; CP, gray; remaining RP, white. 
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and the resulting peptide mixture was analyzed 
by UPLC, ion mobility spectrometry, and mass 
spectrometry (fig. S31). We identified and measured 
the temporal deuterium uptake for 40 Rpn1 pep- 
tides covering ~60% of the sequence (Fig. 6A and 
figs. S32 and S33). As hypothesized, when incor- 
porated into the base complex, Rpnl was dra- 
matically stabilized in conformation relative to 
when it was free in solution (Fig. 6A). In partic- 
ular, the EX1 uptake kinetics indicative of 
conformational heterogeneity was no longer 
observable. The addition of Ubp6 to the base 
provided further protection from exchange ex- 
clusively for a highly localized region, suggestive 
of a well-defined binding site rather than further 
stabilization of the Rpn1 conformation (Fig. 6B). 
HX was suppressed most strongly for peptic 
peptide 419-436, corresponding to inner helix 
21 and outer helix 22 of the toroid (Fig. 6B and 
figs. S4. and S33). These experiments represent to 
our knowledge the largest unique-sequence multi- 
protein complex studied to date by HX MS. 
Having apparently localized the Ubp6 binding 
site to residues 419 to 436 of Rpnl, we intro- 
duced three sets of mutations into this region of 
the toroid and in all cases Ubp6 failed to copurify 
with proteasomes upon affinity purification (Fig. 
6C). We refer to this site, a second and distinct 
UBL binding site within the Rpn1 toroid, as T2. 
We purified RP complexes from the T2 mutant 
rpni-L430A D431K Q434A Q435A (hereafter rpni- 


Fig. 6. Evidence for a second UBL- A 


specific receptor site on the Rpnl ae 
toroid, which recognizes Ubp6. 69 - 82 
(A) Deuteration of recombinant sage 
Rpnl (Rpnlece) compared with deu- 2) iho 
teration of Rpni in the context of the 2 pasnaeed 
base (Rpnlpase). Peptide residue 284 - 293 

299 - 311 
numbers are shown at left, as well 392 - 339 
as the Rpnl domain organization as oS 
described in the SM. Differences at ae 
each time point were calculated a pad 
using Eq. 6 (see SM) and color- S 489-506 
coded according to the scale at the > | S04 eaa 
bottom. (B) Deuteration differences ort 
between Rpnlpase When bound to 607 - 616 


Ubp6 minus Rpnlpase without Ubpé. 3 1 672-680 
Peptide residue numbers are identi- | 1-782 
cal to those in (A), and deuteration Sicaee 
differences are indicated by the S831 -897 
scale at the bottom. (C) Protea- a 

somes were purified from strains i 
bearing wild-type or mutant Rpn1 
alleles, as indicated, by using mild 
washes. The YY mutant is D431Y 
Q434Y; AAAA is L430A D431A 
Q434A Q435A; and AKAA is L430A 
D431K Q434A Q435A. Aliquots of 
extracts and purified proteasomes 
were resolved by 10% SDS-PAGE, 


HX difference between 
Rpn1 


AKAA), and found, using the fluorogenic substrate 
ubiquitin-7-amino-4-methylcoumarin (ubiquitin- 
AMC) (34), that these mutations result in a dra- 
matic loss of affinity for recombinant Ubp6 (Fig. 6D). 
We next tested whether the T1 and T2 sites can 
be loaded independently and whether their 
specificities are truly distinct. Native gel binding 
assays carried out with T1 site and T2 site 
mutants showed that the two sites have non- 
overlapping specificities (Fig. 7A). In particular 
Rpni-AKAA demonstrated a specific defect in 
Ubp6 and not Rad23 binding, whereas Rpni- 
ARR bound to Ubp6 but was defective for Rad23 
binding (Fig. 7A). This experiment also mapped 
the T2 site interacting element of Ubp6 to its 
UBL domain (Fig. 7A), consistent with cryo-EM 
analysis of the proteasome (35, 36). The lack of 
effect of T1 site mutations on Ubp6 binding was 
confirmed with endogenous material (fig. S34). 
We tested whether the T1 site influences the ac- 
tivity of Ubp6 by using the ubiquitin-AMC assay. 
Neither the T1 site, nor the ubiquitin-binding sites 
of Rpn13 and Rpnio, influenced Ubp6-mediated 
deubiquitinating activity (Fig. 7B), thus demon- 
strating high specificity among these sites despite 
their common usage of UBL class domains as 
ligands. In summary, the Rpn1 toroid contains 
two proximal binding sites for ubiquitin or UBL 
domains, as shown in Fig. 7C, and thus Rpn1 serves 
as a key receptor and spatial organizer of both 
substrates and cofactors of the proteasome. 


Rpn1, _:Ubp6 


base" 


0.17! 1 110! 60! 240 
Labeling Time (min) 


5.0 -25 -1.0 0 10 -05 O 


HX difference in Rpn1 


base 2Nd Rpn1,,, (Da) upon Ubp6 binding (Da) 


We used a molecular modeling program 
(HADDOCK 2.1) to dock the Ubp6 UBL domain 
against Rpn1 amino acids L430, D431, Q434, and 
Q435. Although the orientation of the UBL is 
not defined experimentally, the resulting model 
demonstrates the relative positioning of the T1 
and T2 sites and was integrated within the over- 
all architecture of the proteasome as determined 
by cryo-EM (Fig. 7D). 


Discussion 


We report here a hotspot in the proteasome for 
assembling and localizing substrates and cofac- 
tors. This region is contributed by the toroid 
domain of Rpni and spans at least four of its 
eleven hairpin repeats. Interestingly, we were 
able to identify three distinct binding positions 
for ubiquitin-fold ligands, two of which com- 
bine to form a bifurcated binding site for a 
diubiquitin element, especially when linked by 
K48 or K6. This additional ubiquitin-binding 
motif in the Rpn1 toroid also binds to the UBL 
domain of substrate shuttling factor Rad23 and 
we name this substrate receptor site Tl. The 
third UBL-binding site, which is adjacent to the 
T1 site, provides a tether point for deubiquitinat- 
ing enzyme Ubp6. The location of the Tl and T2 
sites within the proteasome places substrate 
ubiquitin chains and Ubp6 in the neighborhood 
of the ATPase hexamer, where the Ubp6 catalytic 
domain is known to form contacts with Rptl 
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blotted, and probed with antibodies against Rpnl, Ubp6, and Rpni2. (D) Activation of Ubp6 by wild-type and mutant RP. Ubp6 was incubated with RP 
purified from wild-type and rpn1-AKAA strains and assayed for Ub-AMC hydrolysis activity. Concentration of RP was constant at 1 nM, and the 
concentration of Ubp6 was graded. Curve-fitting, as shown, yields a Kg value of 4.7 nM for wild type. For the AKAA mutant, a concentration of Ubp6 29 
times that of the wild type would be required to achieve a hydrolytic rate corresponding to half-maximal for wild type. 
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Fig. 7. The Rpn1 toroid spatially registers ubi- 
quitin chains and Ubp6. (A) Reconstituted protea- 
somes, prepared with RPs isolated from wild-type, 
rpn1-AKAA, or rpn1-ARR strains, were incubated 
with GST-Ubp6"! or GST-Rad23¥®" in molar ex- 
cess, resolved by native PAGE, and assayed as de- 
scribed. (B) Ubp6 in RP complexes as indicated 
was evaluated for activation by the proteasome. 
Proteins were incubated with 1 uM Ub-AMC, and 
hydrolytic activity was monitored by the fluores- 
cence of released AMC. (C) Toroidal domain of 
Rpni highlighting the Tl and T2 sites. Residues 
required for interaction with ubiquitin chains and 
Rad23 are shown in purple, and exposed residues 
implicated in Ubp6 binding are highlighted in or- 
ange. This image is generated by using PDB 4CR2. 
(D) Rpnl T1 and T2 sites in the context of the 
proteasome, with sites colored as indicated in (C). 
This image was generated by docking the Ubp6 
structure (PDB 1VJV and 1WGG) onto PDB 4CR2, 
on the basis of the experimental data of Fig. 6, B 
and C. The coloring scheme follows that of Fig. 
5E and with Ubp6 in green. T2 amino acids L430, 
D431, Q434, and Q435 are highlighted in orange. 


(35, 36). It is furthermore anticipated that the 
positioning of these sites on the same protea- 
some face as the ubiquitin-binding pathway 
generated by hRpni0 and hRpni3 allows for 
avidity effects that could increase proteasome 
affinity for ubiquitinated substrates, especially 
those that carry multiple ubiquitin chains. A re- 
cent single molecule study indeed demonstrates 
greater degradation efficiency for model sub- 
strates in which ubiquitin groups are dispersed 
into multiple chains (45). Like Rpn1, Rpn13 func- 
tions not only as a ubiquitin receptor but also 
as a receptor for Uch37, a second proteasomal 
deubiquitinating enzyme. Thus, both Ubp6 and 
Uch37 are positioned in apposition to ubiquitin 
receptors, and it will be interesting to explore 
the functional implications of this localization in 
future work. 

The ability of the T1 site of Rpn1 to bind both 
ubiquitin and UBL proteins that shuttle ubiq- 
uitinated substrates to the proteasome applies to 
all intrinsic substrate receptor sites of the pro- 
teasome. The multiplicity of intrinsic substrate 
receptors on the proteasome, taken together 
with the combinatorial array of states associated 
with loading of multiple extrinsic receptors on 
any intrinsic receptor, should allow for tens and 
possibly hundreds of distinct receptor states 
for binding of ubiquitin conjugates. The use of 
multiple sites for substrate recognition, not all 
showing high affinity, is consistent with a multi- 
point, avid mode of ubiquitin chain recognition, 
which may be associated with highly dynamic 
interactions between ubiquitin receptors and the 
proteasome-bound substrate (45). Substrate bind- 
ing is thought to be productive for proteolysis 
only if it results in the presentation of an un- 
structured initiation site into the substrate trans- 
location channel of the ATPase ring (46). A dynamic 
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mode of ubiquitin chain binding may allow for 
the body of the substrate to present alternative 
orientations to the proteasome so as to achieve 
productive positioning of the initiation site. In 
summary, this work defines a pathway in the 
proteasome that engages substrates by using avid 
low affinity binding sites, and places them in the 
neighborhood of deubiquitinating enzyme Ubp6 
and the ATPase ring. 


Methods summary 


Detailed information for yeast strain construc- 
tion, plate assays, protein turnover assays, ex- 
pression and purification of recombinant and 
native proteins, ubiquitin conjugate preparation, 
native gel electrophoresis and mobility-shift as- 
says, protein degradation and deubiquitination 
assays, hydrogen deuterium exchange, mass spec- 
trometry, and NMR spectroscopy is provided in 
the SM. 
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Catalytic reversible alkene-nitrile 
interconversion through controllable 
transfer hydrocyanation 


Xianjie Fang, Peng Yu, Bill Morandi* 


Nitriles and alkenes are important synthetic intermediates with complementary reactivity 
that play a central role in the preparation of materials, pharmaceuticals, cosmetics, and 
agrochemicals. Here, we report a nickel-catalyzed transfer hydrocyanation reaction 
between a wide range (60 examples) of alkyl nitriles and alkenes. This strategy not only 
overcomes the toxicity challenge posed by the use of HCN in traditional approaches, 

but also encompasses distinct chemical advances, including retro-hydrocyanation and 
anti-Markovnikov regioselectivity. In a broader context, this work highlights an approach to 
the reversible hydrofunctionalization of alkenes through thermodynamically controlled 
transfer reactions to circumvent the use of volatile and hazardous reagents in the laboratory. 


he nitrile group is among the most versatile 
polar functionalities and is widely encoun- 
tered in the preparation of materials, phar- 
maceuticals, cosmetics, and agrochemicals, 
both on industrial and laboratory scale (1). 
Nitriles can serve as precursors for aldehydes, 
acids, esters, ketones, amides, amines, and het- 
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erocycles. Additionally, the electron-withdrawing 
nature of nitrile groups alters the reactivity pro- 
file of the surrounding molecule (2) and enables 
functionalization of neighboring positions (a and 
B position depending on nitrile structure). Al- 
kenes are nonpolar functional groups with a 
distinct and complementary reactivity profile 
compared to nitriles (3). Alkenes tolerate a wide 
range of reaction conditions commonly used to 
transform polar functional groups (2). Addition- 
ally, they can engage in a number of bond-forming 


Retro-Hydrocyanation: 


A Traditional Approach to Interconvert Ailkenes and Nitriles 
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reactions [e.g., alkene metathesis reaction (4)] 
not accessible from polar functional groups (2). 
In light of the central role played by the nitrile and 
alkene functionalities in chemical synthesis and 
their complementary reactivity profiles, a protocol 
for their reversible interconversion would likely 
have a broad impact across the molecular sciences. 

The catalytic addition of hydrogen cyanide 
(HCN) to alkenes to produce nitriles has been 
underexploited in routine chemical synthesis 
(5-17), even though the DuPont adiponitrile pro- 
cess produces around 1 million tons/year (8) of 
adiponitrile (a precursor to the polymer Nylon 
6,6) through the atom-economical hydrocyana- 
tion of butadiene (Fig. 1A). The extreme toxicity 
of the corrosive and explosive (18, 19) hydrogen 
cyanide gas (boiling point 27°C) poses a substantial 
safety challenge to research laboratories, wheth- 
er it is used directly or, in certain cases (20-22), 
generated in situ from similarly toxic (23, 24) 
but less volatile precursors [acetone cyanohydrin, 
(Me)3SiCN]. The propensity of HCN to poison 
the nickel hydrocyanation catalysts through forma- 
tion of catalytically inactive species (7, 8, 25, 26) 
requires careful control of HCN concentration 
over the course of the reaction. Moreover, the 
thermodynamic instability of HCN renders syn- 
thetically valuable retro-hydrocyanation processes 
to produce alkenes from nitriles extremely chal- 
lenging (27, 28). Owing to the serious hazards 
and limitations associated with the use of HCN, 
an HCN-free mechanistic manifold that could 
reversibly interconvert organonitriles and alkenes 
would be poised to find broad application in 
synthetic chemistry. 

Despite the potential of group transfer reactions 
to provide complementary, gas-free alternatives 
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Fig. 1. Development of a transfer hydrocyanation/retro-hydrocyanation protocol. (A) Traditional approach to hydrocyanation. (B) Our transfer 
strategy. (C) This work. COD, cyclooctadiene; DPEphos, 2,2'-bis(diphenylphosphino)dipheny! ether; RT, room temperature; FG, functional group. 
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to traditional alkene hydrofunctionalization re- 
actions that employ hazardous reagents, there is 
currently no catalytic and reversible group trans- 
fer reaction that permits both the construction 
and deconstruction of a polar and versatile func- 
tional group from alkenes with absolute control 
over the direction of the equilibrium (29-32). 
Inspired by the transformative power of H.-free 
transfer hydrogenation reactions (33-35), we rea- 
soned that a mechanistically related transfer 
hydrocyanation between simple alkyl nitriles 
and alkenes could interconvert these two syn- 
thetically versatile functional groups without 
relying upon HCN as a reagent. We reasoned 
that if a metal catalyst (M) could mediate a chal- 
lenging sequence of C-CN oxidative addition, 
B-hydride elimination, ligand exchange, migratory 
H-insertion, and reductive elimination of C-CN 
bonds, a reversible transfer of H and CN would 
occur between alkyl nitriles and alkenes to reach 
a thermodynamic equilibrium (Fig. 1B). Such a 
transformation would be particularly powerful 
because (i) no toxic HCN would be needed nor 
produced; (ii) both the forward reaction, hy- 
drocyanation, and the reverse reaction, retro- 
hydrocyanation, would become accessible; and 
(iii) either reaction pathway could possibly be 
favored on demand by shifting the equilibrium 
of the reaction using simple driving forces. Here, 
we report a broadly applicable (60 examples) 
strategy for the HCN-free Ni-catalyzed reversible 
transfer hydrocyanation between alkyl nitriles 
and alkenes with tunable control over product 
selectivity (Fig. 1C). 

Nickel was initially chosen as the metal cat- 
alyst because Ni(O0) complexes are very active 
species in the oxidative addition of polar bonds, 
including aliphatic C-CN bonds (36, 37). More- 


over, Ni(0) complexes have shown high activity 
in traditional hydrocyanation protocols using hy- 
drogen cyanide (8). However, initial experiments 
using simple nickel catalysts alone failed to afford 
any product formation. Because Lewis acids can 
both accelerate the nickel-mediated C-CN oxida- 
tive addition (36, 37) and facilitate C-CN reductive 
elimination (8), we reasoned that the addition 
of a Lewis acid co-catalyst would likely facilitate 
the proposed reversible transfer hydrocyanation 
mechanism. An efficient protocol was developed 
using a nickel catalyst [generated in situ from 
Ni(COD),. and DPEphos] and an Al co-catalyst 
(AlMe,Cl) (see tables S1 and S2 for details). Al- 
though AlMe,Cl is a highly flammable reagent, 
safety hazards can be reduced through the manip- 
ulation of dilute solutions under an inert atmo- 
sphere, particularly for small-scale operations. 
However, with this concern in mind, we demon- 
strated in preliminary experiments that the non- 
flammable AIC; can be used as a safe alternative 
co-catalyst in good yield (80%) using slightly 
higher catalyst loading (Fig. 3A, product 9). Next, 
we were faced with the challenge of efficiently 
manipulating the reaction equilibrium. In par- 
ticular, our goal was to identify suitable alkene 
and alkyl nitrile reagents that would allow us to 
selectively drive the forward reaction from 1-2 
and the reverse reaction from 2—1 under ap- 
propriate conditions (Fig. 2). Inspired by other 
metal-catalyzed reversible reactions, notably the 
alkene metathesis reaction (4), we reasoned that 
the use of simple driving forces, such as the 
extrusion of a gaseous side product or the release 
of ring strain, would efficiently shift the thermo- 
dynamic equilibrium to afford the desired product. 

In the case of the forward reaction (Fig. 2B), 
hydrocyanation, we initially evaluated a range of 
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Fig. 2. Selective manipulation of the alkene/nitrile equilibrium. (A) Model reaction. (B) Reagent 
optimization for hydrocyanation 142. (C) Reagent optimization for retro-hydrocyanation 2-1. 
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simple aliphatic nitriles (3-6) as potential hydro- 
cyanating reagents. Two notable trends emerged 
from these initial experiments: the degree of sub- 
stitution of the alkene by-product correlated with 
the efficiency of the reaction in the order iso- 
butylene > propene > ethylene, a result consistent 
with the relative thermodynamic stability of the 
alkene by-products; and the formation of gase- 
ous alkenes further improved the system, partic- 
ularly when conducted in an open apparatus. 
Thus, isovaleronitrile (5), which releases iso- 
butylene as a gaseous by-product, was identi- 
fied as the best reagent for the hydrocyanation 
reaction of 1 and gave 86% yield of product 2 in 
toluene at 100°C in the presence of catalytic Ni 
and Al complexes. 

Alternatively, alkyl nitrile product 2, formed in 
the forward reaction, can be used as a test sub- 
strate to evaluate the efficiency of diverse alkene 
traps to drive the retro-hydrocyanation reaction 
to completion (Fig. 2C). A control reaction using 
no acceptor alkene did not lead to any apprecia- 
ble formation of product 1. This result clearly 
shows that the formation of HCN and an alkene 
from an alkyl nitrile is thermodynamically dis- 
favored, emphasizing the need to use an acceptor 
alkene to drive the process. Both norbornene 
(NBE, '7) and norbornadiene (NBD, 8) were 
then evaluated because they possess substan- 
tial ring strain that should help to drive the 
retro-hydrocyanation reaction. Gratifyingly, NBD 
proved efficient as a trapping reagent, affording 
good yields of the desired alkene product 1 at 
room temperature (38). 

We next studied the scope of the hydrocya- 
nation process (Fig. 3A). The transfer hydrocya- 
nation of styrene derivatives gave the products in 
high yields and good linear-to-branched ratios 
(up to 88% for monosubstituted styrenes and full 
linear selectivity in the case of disubstituted 
styrenes 2, 14, and 15), an anti-Markovnikov 
selectivity complementary to previous proto- 
cols giving mostly the chiral, branched isomer 
(8, 9, 11, 20, 22). This reversal of regioselectivity 
likely stems from the reversible nature of the 
hydrocyanation under our reaction conditions, 
producing the thermodynamically more stable 
linear isomer as the major product. Excitingly, 
a range of medicinally relevant heterocycles 
(thiazole, indole, pyrazine, and pyridine 17-20) 
were tolerated and gave usually good yields and 
linear selectivities. Nonactivated, terminal aliphatic 
alkenes were also very active substrates in the trans- 
formation and gave the linear isomers as the 
major products [up to 100% linear selectivity 
in the case of sterically congested substrates 
(27, 28, 29)]. In particular, allylic alcohol derivatives 
were excellent substrates in the transformation (27, 
28). Further aliphatic substrates, such as cyclo- 
alkenes (24, 25, and 26) and strained norbornenes 
(33 and 34) were well tolerated and afforded the 
cyanated products in high yields. The method is 
useful for the preparation of medicinally relevant 
scaffolds, as exemplified by product 38 (a pre- 
cursor of nabumetone) and 39 (precursor of phenir- 
amine). Our catalytic reaction could also be 
extended to the efficient hydrocyanation of both 
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conjugated (36, 37) and aliphatic alkynes (35) 
in good yield and regioselectivity. Beyond the 
tolerance to the above-mentioned heterocyclic 
sytems, the transformation is also compatible 
with a wide range of functional groups [F, Cl, 
ether, ester, ketone, silyl, OBn (benzyloxy), OTBS 
(dimethyltertbutylsilyloxy), NTs (tosylamino), 
aniline, imide, trisubstituted double bond] com- 
monly encountered in target-oriented synthesis. 
Unprotected alcohols and dienes proved un- 
reactive under the reaction conditions and il- 
lustrate the current limitations of the reaction. 
The efficient use of the method in the late- 
stage transfer hydrocyanation of a cedrene 
(42), sclareol (43), tyrosine (44), and estrone 
(45) derivative further demonstrates its potential 
on more complex molecular scaffolds (Fig. 3B). 
Finally, the reaction of styrene, acetoxystyrene, 
and cedrene could be performed on a prepar- 
ative, multigram scale using inexpensive butyro- 


A Scope of the Hydrocyanation 
Ni(COD), 


nitrile (4) as areagent and solvent and 2 mol% of 
Ni catalyst to give the products in excellent yields 
after distillation (Fig. 3C). Overall, the excellent 
scope and broad functional group tolerance dem- 
onstrate the potential of the transfer hydrocyana- 
tion reaction to be applied in routine chemical 
synthesis. 

The scope of the retro-hydrocyanation reac- 
tion was then studied (Fig. 4A). A range of 
styrene derivatives could be efficiently prepared 
by retro-hydrocyanation of primary, secondary, 
and even tertiary nitriles. Simple aliphatic sub- 
strates afforded the desired alkenes with no or 
little isomerization at room temperature using 
NBD as an acceptor. This result is noteworthy 
because of the known propensity of Ni-H inter- 
mediates to catalyze the rapid isomerization of 
alkenes, usually leading to a mixture of products 
(7). Two terpene derivatives (66 and 68) were 
easily transformed into the corresponding ali- 
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phatic diene products. When the less strained 
NBE (7) was used as an alkene trap instead of 
NBD (8), the thermodynamically more stable 
alkene isomer (75) was obtained from a tandem 
retro-hydrocyanation/isomerization process (Fig. 
4B). The two protocols are thus complementary, 
a synthetically attractive result likely due to a 
fine reactivity balance between the rate of Ni-H 
insertion into the acceptor alkene and Ni-H cat- 
alyzed isomerization. The divergent selectivity 
observed when using NBE instead of NBD sug- 
gests that the hydrocyanation of these reagents 
is irreversible under the reaction conditions. 
To clearly illustrate the synthetic power of the 
reaction, the retro-hydrocyanation was applied 
to alkene synthesis using CN as a removable 
activating group in C-C bond coupling reactions 
(Fig. 4, C and D). First, the synthesis of complex 
aromatic products from dienes could be realized 
through a Diels-Alder addition with fumaronitrile 


Fig. 3. Exploration of 
hydrocyanation sub- 


R! 
1 Me AlMe,C!l (20 mol% 
i. a. ohm 2Cl ( ) Why R? » | strate scope. (A) Scope 
R2 R Me Toluene, 16 h, 100-130 °C R? Me7 SS with simple substrates 
$ CN using 5 equiv. of 5. (B) Late- 
Aromat cs acanmenmenans . : smeaneeneenmenenemmmnarmemmeameenennene ms eenenemnee>>\semmmeneenann > gage, ste bo hydrocyana- 
bpp Neon AAZEON g ieo-pr7EN AIZCN gn pp NON 2 on 14.ony ion. cale-up 
i ak (81:19) =e esanasatanie omern Shoes prt experiment. All yields, 
{ 73%? (80:20) 91% (83:17)" 93% (79:21)* 92% (86:14)* 91% (85:15)" 91% (>95:5)" 53% (>95:5)* unless otherwise noted, are 
j Some (88: 1B eee isolated yields. *Ratio of 
CN linear to branched 
15 CN N 
a” Ph * N17 18 oF oe products. 71.5 equiv. of 5. 
vs N Man 


84% (>95:5)" O 96% (87:13)* 


cl 
soe 


Physi. ~22.cn 


71% (88:12)° 


from 1-octene 90%* (48:52)" 


88% (58:42) 93% (84:16)" from 4-octene 98%? (46:54)" 83% 91% 
BnO Et TBSO Ft CN 
27 28 29 oN 30 
CO,Me 
Me CN Me CN ‘pu : meth MA - 
79% (>95:5)" 97% (>95:5)* 69% (>95:5) 85% 


j Drug Precursors 


— 


96% (80:20)" 
(Nabumetone prec.) 


B Late-stage Transfer Hydrocyanation 


Me 
Me, 
Me 42 
CN 
H > 
95% (>95:5)" Me Me Met 


C Scale-up Using an Inexpensive Reagent 


~ 


AIMe2Cl (8 mol%) 
16h, 130°C 


834 19 FEBRUARY 2016 « VOL 351 ISSUE 6275 


62% (>95:5)" 


Ni(COD), (2 mol%), DPEphos (2 mol%) 


oO Pr Pr 
{ \—/ Ph Ph 
i NC 35 36CN TMS 
92% ¥, |) 89% (8:1 EZ, RT) 74% 
ooh 


H CN NC Me, 
cn | 13 9 < ” 
Pa 4-AcO-Ph Ph 
R 3.5 g, 93% 4.95 g, 94% 
+ (85:15)* (82:18)" 


Me 


CN 37 
Ph } 


tGC yield. 810 mol % Ni 
catalyst, 10 mol % 

'  DPEphos, 40 mol % AICls. 
26 } — |{10 mol % Ni catalyst. 

: 415 equiv. of 5 used as 
reagent, 15 mol % Ni 
catalyst. Chiral products in 
(A) were obtained as 
racemic mixtures. 
dr: diastereomeric ratio. 
E/Z: ratio between 
E-alkene isomer and 
Z-alkene isomer. GC: gas 
chromatography. 


82% (>95:5)" 


87% 


4.39,93% } 
(>95:5)" 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


followed by facile retro-hydrocyanation reaction 
giving the new products 76, 77, and 78 in excel- 
lent yields. Additionnally, when combined with a 
literature procedure (39), the retro-hydrocyanation 
reaction could be applied to the challenging, 
stereoselective late-stage incorporation of a chiral 
quaternary vinyl group (40) into an estrone deriv- 
ative (81). These results show promise for the im- 
mediate application of the retro-hydrocyanation 
reaction to the laboratory-scale synthesis of com- 
plex unsaturated small molecules. 
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Finally, we performed preliminary mechanis- 
tic experiments in support of the proposed trans- 
fer mechanism (fig. S1). First, a deuterium-labeled 
nitrile substrate (d-2) was subjected to the reaction 
conditions with norbornadiene as an acceptor 
alkene (fig. S1A). The corresponding deuterated 
adduct 82 was isolated in 80% yield with 80% 
D-atom incorporation at the position cis to the 
nitrile group, unambiguously confirming the trans- 
fer of the D and CN moiety between the two 
substrates. Additionally, the stereochemistry of 
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conditions (fig. SIB). For that purpose, we de- 
signed two transfer experiments using compounds 
Acn; Bot Ao. and Ben. Acn and Boi were 
used as starting materials in one experiment, 
while in a second experiment, Ap, and Ben 
were employed. If the reaction mixture were to 


Fig. 4. Exploration of retro- 
hydrocyanation substrate 
scope. (A) Scope with simple 


NBE or NBD substrates. (B) Divergent 
ease rast reerseneersscessesecwswestecnwen, geonawennenseccaenecceerecncnnsewoonnse - --- . product selectivity via control 
paren Synthesis Aliphatics - 59 60 61 | of isomerization. 

' we Ar A ' EtO,C ON 5% EtO,C 95%" ' (C) Synthesis of complex 
; >} — — i a 85% selectivity . ! aromatic products. 
: Art Ar’ : \ ; ' (D) Installation of vinyl 
‘Ar! = Ar* = Ph (46->47); 99% H Men ee 93% Me 83 4 * — groups. All yields, unless 
Ar! = 3-CF3-Ph; Ar? = Ph (48->49); 97% i cn 87% selectivity ! otherwise noted, are 
pAr = 3-Cl-Ph; Ar? = Ph (50->51); 90% ty Me 87% Me ' isolated yields. *GC yield. 
: R N R 1 CN ——————_» ' 
H c i eth WV 100% selectivity Met AS 64 H 
t » eed tt 6 7 ' 
; Ar ecco esroe Fe Sean EE SENS AE TS OTET TE 5 SEE ES PORE AIEEE EOS EG 
: R = Me; Ar = Ph (2->1); 99%" |} Terpene Derivatives CN : 
| R = Ph; Ar = Ph (14->52); 96% (70 °C) |} 73% : 
; ' 65 ( 66 ‘ 
: NC Me i —- Me : 
H 94%" ‘ H Me ‘ 
i Me—Me : tt Me : 
; Ph 53 100°C py 1 iF Me : 
+ NC, 95% i} = Me Me 71% Me Me 
' — po ‘| PR Tc aatariohe L, ; 
| pw 54 Ph 55 {! Me 67 CN 100% selectivity Me 68 : 
' I inssiccintincd iste tote enohee debian Giesdeaeeebsepedsstedinae signees speed : 
H oO CN A pace tae aaa ee ea eae . 
' | Polyene Products \ 
; Me 1% 7 : 
56 4 Sy Pome TS Ph-4-OMe 
. ‘y 69 CN 70 °C, NBE 70 ‘ 
° 64% || Me 
i ne Me 93%" 
pe i 1 ol _ 72 
: it NC Me Me 
B Control over Isomerization 
74% 84% selectivity 
weo in 
i tae 
"a 89% Me 100% selectivity 
ner 75 


ee CN 4) 110°C 
| 1 J 2) Retro-HCN 


st. cond. 


SCIENCE sciencemag.org 


80% (10:1 dr) 


R' 


98% (10:1 dr) 


19 FEBRUARY 2016 * VOL 351 ISSUE 6275 835 


RESEARCH | REPORTS 


reach the thermodynamic equilibrium under our 
reaction conditions, the final concentrations 
of all the four compounds should be the same 
in both experiments. The experimental results 
matched the prediction very well, and nearly 
identical final concentrations of all the four re- 
action components were obtained in both ex- 
periments. Thus, we can conclude that the reaction 
of these substrates is reversible and that thermo- 
dynamic equilibrium can be reached under our 
normal reaction conditions. Collectively, these 
preliminary mechanistic experiments strongly 
support the proposed transfer mechanism shown 
in Fig. 1B. 

Ina broader context, the functional group meta- 
thesis strategy delineated in this work will likely 
stimulate the development of reversible hydro- 
functionalization reactions of alkenes that elude 
the use of hazardous gases in the laboratory. 
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Nuclear magnetic resonance 
detection and spectroscopy of single 
proteins using quantum logic 


I. Lovchinsky,’ A. O. Sushkov,”?* E. Urbach,’ N. P. de Leon,””+ S. Choi,’ K. De Greve," 
R. Evans,’ R. Gertner,” E. Bersin,' C. Miiller,* L. McGuinness,’ F. Jelezko,” 
R. L. Walsworth,’*> H. Park,??6t M. D. Lukin'+ 


Nuclear magnetic resonance spectroscopy is a powerful tool for the structural analysis of organic 
compounds and biomolecules but typically requires macroscopic sample quantities. We use a 
sensor, which consists of two quantum bits corresponding to an electronic spin and an ancillary 
nuclear spin, to demonstrate room temperature magnetic resonance detection and spectroscopy 
of multiple nuclear species within individual ubiquitin proteins attached to the diamond 

surface. Using quantum logic to improve readout fidelity and a surface-treatment technique to 
extend the spin coherence time of shallow nitrogen-vacancy centers, we demonstrate magnetic 
field sensitivity sufficient to detect individual proton spins within 1 second of integration. This 
gain in sensitivity enables high-confidence detection of individual proteins and allows us to 
observe spectral features that reveal information about their chemical composition. 


onventional nuclear magnetic resonance 

(NMR) spectroscopy relies on detecting 

the weak magnetization of a thermally 

polarized ensemble of nuclear spins and 

therefore typically requires high magnetic 
fields and macroscopic sample quantities (J). 
Recently, it has been shown that single nitrogen- 
vacancy (NV) color centers in diamond can serve 
as atomic-sized magnetometers that are capable 
of label-free detection of the statistical nuclear 
polarization of nanoscale ensembles (2, 3), and 
even single nuclear spins (4), under ambient 
conditions (5, 6). Our method is based on the 
coherent control of an individual NV center, 
which is a localized defect in the diamond lattice 
consisting of a substitutional nitrogen atom and 
an adjacent vacancy in the carbon lattice. The 


spin state of the negatively charged NV center 
has an exceptionally long coherence time, even at 
room temperature, and its electronic level struc- 
ture allows efficient, all-optical spin polarization 
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and readout. In our approach (Fig. 1), we mea- 
sure individual Fourier components of the time- 
varying magnetic field created by a statistically 
polarized subset of proximal nuclear spins con- 
tained within a protein. The transverse magne- 
tization of the spin ensemble undergoes precession 
at the nuclear Larmor frequency with a phase 
and amplitude that vary stochastically with every 
repetition of the sequence. Averaging over many 
iterations yields a zero mean magnetization but 
a nonzero variance, which results in a measurable 
magnetic resonance signal. To use the NV center 
as a sensor, its spin state is manipulated with a 
series of periodic microwave pulses separated by 
free-evolution intervals of length t (Fig. 1B). This 
periodic modulation of the NV center spin creates a 
narrow band-pass frequency filter, allowing phase 
accumulation when the modulation frequency, de- 
fined as 1/t, is close to twice the nuclear Larmor 
frequency (5, 7, 8). Varying the spacing between 
the x pulses yields a frequency spectrum that en- 
codes information about the nuclear spins within 
the protein. Assuming that the spins are situated 
on the diamond surface at distance d directly 
above the NV center, the optimal sensitivity of this 
technique (defined by the minimum number NV of 
nuclear spins detectable after 1 s of integration) 
is achieved when the pulse-sequence duration is 
approximately equal to the coherence time T, of 
the NV electronic spin (5) [see (8) for derivation] 
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Here, ye = 1.76 x 10" s* T™ and y, are the elec- 
tron and nuclear gyromagnetic ratios (for proton 
spins y, = 2.68 x 10° s' T”, dis the NV center 
depth, Uo is the vacuum permeability, 7 is Planck’s 
constant f divided by 2x, and Tp is the readout 
time. The readout fidelity F = [1+ 2(a0 + o1)/ 
(do - oy)?]? is determined by the mean number 
of photons 0/9, a, detected per shot from the 7, = 0 
and 1 spin sublevels of the NV center, respectively. 
The readout fidelity encapsulates the effect of 
photon shot noise and approaches unity for 
an ideal, projection noise-limited measurement. 

One limitation to the sensitivity is due to the 
imperfect readout of the NV center. For typical 
fluorescence collection efficiencies, F = 0.03 (8). 
Thus, ~10° repetitions of the experiment are 
required to distinguish the fluorescence of the 
ms, = 0 and +1 sublevels. To circumvent this im- 
perfection, we use a two-qubit quantum system 
consisting of an NV center electronic spin and its 
associated °N nuclear spin, such that after the 
sensing sequence, the resulting NV spin can be 
repeatedly probed without resetting its state via 
optical pumping (9, 10). We use quantum logic 
(Fig. 1B) to manipulate the two coupled qubits 
and to improve readout fidelity [see (8) for de- 
tails]. The experimentally measured gain in the 
readout fidelity as a function of readout cycles 
(Fig. 1C, red points) demonstrates an almost 
10-fold improvement for several hundred rep- 
etitions, as compared with conventional readout 
(dashed blue line). Although repetitive readout of 
the electronic spin state leads to an increase in 


Cc 


b 
od 


readout fidelity 


10° 10° 10° 
repetitive readout cycles 


N repetitions 


the readout time Tp (8), the sensitivity is only 
weakly dependent on this variable. Therefore, in 
the regime where 7p is on the order of 7, we 
achieve a significant gain in sensitivity. 

Another key limitation to the sensitivity is at- 
tributable to the decoherence of near-surface NV 
centers (i.e., those with small d) (77). To quantify 
the effect of the surface on the NV spin coher- 
ence, we measure the decoherence rates (1/T>) 
and depths (8) for a large number of NV centers 
created by implantation of 2-keV N ions. As 
shown in table S1, the depths and decoherence 
rates of shallow NV centers are inversely corre- 
lated. To improve the coherence properties, we 
use wet oxidative chemistry combined with an- 
nealing at 465°C (12, 73) in a dry oxygen envi- 
ronment (8). This procedure etches away the 
diamond surface while improving the coherence 
times by more than an order of magnitude. When 
combined with the 10-fold improvement in read- 
out fidelity resulting from quantum logic-based 
readout, this increase in T, yields shallow (3 to 
6 nm) NV centers with an overall sensitivity gain 
greater than a factor of 500 (Fig. 2A), exceeding 
sensitivities reported in previous experiments 
(fig. S2). The resulting sensitivity is sufficient to 
detect a single proton spin or ~10 statistically 
polarized °C or 7H spins after 1 s of integration 
(Fig. 2A) (8). 

We use our enhanced sensitivity to probe ubi- 
quitin, a small regulatory protein consisting of 
76 residues that is found in almost all eukaryotic 
cells (14). The size of this protein (15) is on the 


Fig. 1. Experimental setup and magnetometry 
with repetitive readout. (A) Schematic of the ex- 
perimental setup. Ubiquitin proteins attached to 
the diamond surface are probed using a proximal 
quantum sensor consisting of a NV center electronic 
spin and its associated °N nuclear spin. The image 
of ubiquitin was taken from the Protein Data Bank 
(PDB ID: 1UBQ) (15). (B) Quantum circuit diagram 
and experimental magnetometry pulse sequence. 
Here the NMR signal is measured using a modified 
XY8-k dynamical decoupling sequence (8) and 
detected using repetitive readout of the electronic 
spin state. |y), and |@),, correspond to the electric 
and nuclear spin states, respectively. MW and RF 
correspond to microwave and radio frequency 
drive fields, respectively. APD denotes the photo- 
detector used for optical measurement. Bnuclear 
corresponds to the magnetic field created by the 
target nuclear spins. (C) Measured gain in the read- 
out fidelity as a function of repetitive readout 
cycles (red curve). The dashed blue line indicates 
the measured fidelity using conventional readout. 
The readout fidelity is measured by detecting the 
average number of photons scattered from the NV 
center after preparing it in the m, =O or 1 sublevel 
and applying eq. S9 (8). 
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order of the NV detection area/volume (8), de- 
termined by the NV center depth for d ~ 3 to 5 nm. 
Thus, any observed NMR signals can be attri- 
buted to individual or small aggregates of proteins. 
We immobilize the proteins on the diamond 
surface by means of carbodiimide cross-linker 
chemistry (16, 17) [see also Fig. 2B and (8)]. We 
then use atomic force microscopy (AFM) to char- 
acterize the topography of the diamond surface 
after protein attachment (8). The AFM images 
(Fig. 2C) exhibit circular features with heights 
and radii (Fig. 2D) that are consistent with the 
known size of the protein. We observe almost no 
features with height larger than 5 nm, suggesting 
that our attachment protocol does not lead to 
aggregation. The resolution in the lateral dimen- 
sions is consistent with the limit imposed by the 
radius of the AFM probe (9 + 2 nm). We confirm 
that individual spots in Fig. 2C mostly corre- 
spond to individual proteins by conjugating the 
proteins to Cy3 fluorophores and comparing the 
resulting mean fluorescence rate with that of op- 
tically resolved Cy3+ubiquitin complexes and in- 
dividual Cy3 dye molecules (8). We find that the 
mean protein spacing, as extracted from optical 
measurements (20.9 + 1.4 nm), is in excellent 
agreement with that based on AFM measure- 
ments (21.6 + 0.4 nm). Importantly, these mea- 
surements show that the mean spacing of the 
proteins is much greater than the typical NV 
center depth (d ~ 4 nm) and the protein size. 
Due to the strong ~1/r° dependence of the NMR 
contrast on the NV-protein separation r (8), 
the NMR signal is negligible for proteins lo- 


Fig. 2. Surface preparation of diamond sam- 
ples and single-protein attachment. (A) Measured 
depths and sensitivities (‘H and “°C spins) for a repre- 
sentative sample of NV centers before (blue) and after 
red) oxygen surface treatment and quantum logic— 
based readout. See table S1 for numerical values of 
measured depths and decoherence rates. (B) Attach- 
ment protocol using carbodiimide cross-linker chem- 
istry (8). EDC, 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide; NHS, N-hydroxysuccinimide. (C) AFM 
height image of diamond surface after protein at- 
tachment. The color bar indicates height values. 
D) Histograms of heights and radii of circular fea- 
tures in a 1 um—by-—1 um AFM image (8). 
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cated far outside the NV detection area. There- 
fore, with our protein density, we expect ~10% of 
NV centers to contain a single protein within 
their detection areas. The statistical probability 
of detecting two or more proteins using a single 
NV center is ~1% (8). 

To spectrally differentiate the magnetic fields 
produced by protein nuclear spins from back- 
ground sources—such as 'H spins on the dia- 
mond surface (J8) and °C spins in the diamond 
lattice—we use diamond samples enriched in 
®C (99.999% abundance) and proteins enriched 
in the rare isotopes 7H and °C (both at >98% 
abundance). We first carried out NMR measure- 
ments on 20 shallow NV centers, with isotopi- 
cally enriched ubiquitin proteins attached to 
the diamond surface. Three of the NV probes 
exhibited NMR signals at both the 7H and “Cc 
Larmor frequencies (8). No instances occurred 
in which only one of these nuclear species was 
detected. Representative spectra (Fig. 3, A and 
B) were obtained by varying the spacing of the 
periodic x pulses. Here, the data were normal- 
ized to subtract the effect of NV decoherence 
(8). The °H and °C spectra were acquired using 
XY8-507 and XY8-1011 pulse sequences (8), 
respectively, and measured via 500 repetitive 
readout cycles. The identities of the nuclear spe- 
cies were verified by observing the linear scalings 
of the nuclear Larmor frequencies with the 
applied magnetic field (Fig. 3C, blue and red 
points). 

The spectral resolution Av of the present meth- 
od is Fourier-limited by the total duration of the 
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coherent evolution of the quantum spin sensor 
(Fig. 3D). Note that the 10-fold increase in the 
coherence time 7, demonstrated in Fig. 2A di- 
rectly yields a corresponding 10-fold improvement 
in spectral resolution (8), allowing us to resolve 
features in the protein spectra and revealing 
information about its chemical composition. 

Figure 3E shows the 7H and °C NMR spectra 
(top two panels), corresponding to ubiquitin 
proteins enriched with °H and °C, performed 
on another NV center. Consistent with the re- 
sults of Fig. 3, A and B, for the first NV center, 
we find that the deuterium spectrum exhibits 
an extremely broad line shape, whereas the °C 
spectral width is considerably narrower and is 
consistent with the Fourier limit. The bottom 
panel in Fig. 3E shows the °C NMR spectrum 
after attaching ubiquitin proteins enriched only 
in °C. 

We observe a °C line shape that is signif- 
icantly broader (~20 kHz) than that of the 
deuterated proteins. The spectral resolution, 
determined by the external magnetic field and 
the number of applied x pulses, is indicated by 
the shaded green regions in Fig. 3. Figure 3F 
shows the average deconvolved spectral widths 
of 7H and ™C, as observed in independent mea- 
surements of three NV centers with deuterated 
proteins and three NV centers with nondeuterated 
proteins. 

Previous studies (19) have shown that solid- 
state 7H NMR spectra typically exhibit line 
broadening due to the inhomogeneous distri- 
bution of quadrupole shifts within the protein 
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(20) (see also Fig. 4A). The broadening of our 7H 
spectra is consistent with this effect. Our 7H NMR 
signals are probably dominated by the deuterons 
in methyl groups, which rotate rapidly at room 
temperature about the methyl group symmetry 
axis. The remaining (nonaveraged) quadrupo- 
lar shifts are on the order of 30 kHz (19) (the 
deuterons in other chemical groups, such as 
methylene or aromatic groups, give rise to much 
broader spectral features and, hence, smaller 
signals). The °C linewidths are consistent with 
the expected broadening created by dipolar in- 
teractions with proximal 7H (in deuterated pro- 
teins) and 'H (in nondeuterated proteins) spins 
(19), with *H giving rise to broader linewidths 
due to its larger gyromagnetic ratio. 


Our method can be extended in a number of 
ways. The sensitivity can be further improved 
by using spin-to-charge readout (27) or more ad- 
vanced pulse sequences that could extend the 
coherence time to the limit imposed by the pop- 
ulation relaxation time T; (see, for example, fig. 
S2B, which shows coherent spin locking for up 
to 1 ms). Nuclear hyperpolarization (8), such as 
Hartmann-Hahn double resonance (22), can also 
be used to improve sensitivity via direct detec- 
tion of nuclear magnetic moments rather than 
their variances. Alternatively, reporter spin-based 
sensing can be used to reach single-spin sensitiv- 
ity by resolving individual nuclear spins in a field 
gradient created by an electronic reporter spin (4). 
Similarly, if background protons can be removed 


from the diamond surface [protons in liquid wa- 
ter diffuse quickly and do not contribute to the 
NMR signal (23)] by deuteration (3), 'H spins, 
with their large gyromagnetic ratio, can be used 
for indirect detection of nuclei with low magnet- 
ic moments (24). In addition, the coupling to a 
long-lived quantum memory associated with an 
ancillary nuclear spin qubit and the use of new 
pulse sequences (4, 25) should allow further im- 
provement in spectral resolution to the limit 
determined by the lifetime of the nuclear spin 
ancilla, which could be >10 mHz (6). Indepen- 
dently of the NV and nuclear spin manipulation, 
the detection sensitivity and utility of the method 
can be greatly enhanced by deterministically 
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Fig. 3. NMR detection and spectroscopy of individual ubiquitin proteins. 
A) °H NMR spectrum at magnetic field B = 2473 G, using the XY8-507 
sequence with 500 repetitive readout cycles (red points) and Gaussian fit 
black solid line). The spectrum consists of the NV optical signal, normalized by 
the Rabi contrast and corrected for the reduced contrast caused by deco- 
herence (8). (B) Analogous °C NMR spectrum at B = 2457 G, using the XY8- 
1011 sequence with 500 repetitive readout cycles (red points) and Gaussian fit 
(black solid line). (©) Scalings of resonance frequencies with applied magnetic 
field. Red and blue points indicate the °H and SC resonances, respectively (8). 
The expected scalings based on the known gyromagnetic ratios are indicated 
with dashed lines. Error bars are approximately on the scale of the marker sizes. 
(D) Measured spectral resolution (blue points) as a function of the number of x 
pulses. The dashed black line indicates the theoretical limit imposed by the 
detector filter function (8). A 2.63-MHz radio frequency waveform, correspond- 
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signal. The resulting NMR signal was measured using an XY8 sequence. (E) 7H 
and SC NMR linewidths (red points) measured on deuterated (top and middle 
panels) and nondeuterated (bottom panel) ubiquitin proteins. B = 2422 G 
(top), 2402 G (middle), and 2455 G (bottom). a.u., arbitrary units. In (A), (B), 
and (E), fitted curves are Gaussian functions, convolved with the detector filter 
function. Green shaded regions correspond to the spectral resolution (8). 
(F) Average spectral widths from several independent measurements of °H 
and SC NMR spectra (8). Here, the observed spectra have been deconvolved 
from the detector filter function to yield the true linewidths [as extracted from 
fits presented in (8)]. Error bars correspond to SEM of the spectral widths, for 
each of the three categories of spectra. For all °C spectra of nondeuterated 
proteins, we verified that the °C signal disappears when the proteins are re- 
moved from the diamond (8). 
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an NV center—for instance, by activating local 
chemical sites using superresolution microscopy 
(26) or by placing them with a magnetized AFM 
tip (27, 28). Though at present the inability to 
position the protein over a desired NV center re- 
sults in long required integration times (8), de- 
terministic placement, combined with a factor of 
~3 improvement in coherence time, would enable 
detection of an individual deuteron after several 
seconds of integration [see (8), section 9]. 

The demonstrated technique, along with these 
potential improvements, may enable applications 
for probing the structure and dynamics of biolog- 
ical systems at the single-molecule level. For ex- 
ample, the single-molecule NMR method using 
quadrupolar nuclei with nuclear spin J > 1/2 can 


be used to study conformations and electrostatic 
environments within individual molecules. One 
can use the dependence of the nuclear spin level 
structure on the orientation of its quadrupolar 
axes with respect to the applied magnetic field to 
determine the spin’s electrostatic environment 
(quadrupole coupling constant Q and asymmetry 
parameter), as well as the orientation of its mo- 
lecular axes (Fig. 4A) (19). In our experiments (Fig. 
3E), these quadrupolar shifts result in broadening 
of the observed spectral lines. However, if the 
number of nuclear spins in the molecule N,, is 
such that Q/(NmAv) > 1, which ensures that 
the spectral range ~ Q is not overcrowded with 
resonances, the spectral lines associated with in- 
dividual nuclei can be resolved and analyzed. As 


an example, Fig. 4B shows the simulated 7H and 
MW quadrupolar spectra of a single phenyl- 
alanine molecule for two orthogonal orienta- 
tions (top and upper middle panels) and two 
distinct conformations (two middle panels). These 
orientation-dependent shifts wash out in bulk 
NMR measurements (bottom panel). Yet unlike 
in bulk NMR with crystallized samples, the weights 
of the various single-molecule NMR resonances 
in a finite magnetic field (Fig. 4C) encode infor- 
mation about the positions of the spins within 
the molecule, thus allowing structural informa- 
tion to be deduced (8) regardless of the location 
of the target molecule. 

Our approach provides a set of tools, com- 
plementary to conventional NMR, that can be 
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Fig. 4. Proposed analysis of individual molecules. (A) Orientation-dependent 
level structure of quadrupolar nuclear spins in an external magnetic field. The 
two spin-1 nuclei shown are interacting with a proximal NV center through 
magnetic dipole-dipole interactions. The major axes of the ellipses denote the 
orientation of the molecular axis. The quantization axis in each case is indicated 
by the dashed line. The effect of a nonzero asymmetry parameter is neglected. 
Allowed transitions (vs and vo) are indicated by arrows (8). E, energy. (B) Sim- 
ulated quadrupolar °H and “N spectra of deuterated phenylalanine in two 
orthogonal orientations relative to the diamond surface (top and upper middle 
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panels), two distinct conformations (two middle panels), and the simulated 
bulk spectra (bottom panels), where all possible orientations contribute equally 
to the spectrum. Images of phenylalanine (at right) were taken from the Protein 
Data Bank (PDB ID: PHE) and visualized using Jmol (www.jmol.org/). For the 
case of 7H, only the spectral lines corresponding to v. (8) are shown. We 
assume that a magnetic field of 0.5 T is applied along the NV symmetry axis. 
(C) Magnetic field dependence of the 7H spectrum corresponding to the lower 
middle panel at left in (B), at low magnetic field. The color bar represents NMR 
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used to probe the structure and dynamics of 
biological and chemical systems at the single- 
molecule level and reveal properties normally 
obscured in ensemble measurements. With ad- 
ditional improvements in sensitivity, these tools 
(8) can potentially be applicable to NMR-based 
label-free detection and analysis of single mol- 
ecules; characterization of structural and con- 
formational changes in systems that are not 
easily accessible by conventional techniques; and 
studies of dynamic phenomena, such as protein 
folding (29) and enzyme-substrate interactions 
at the single-molecule level (30). 
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Precise control of biosystems requires development of materials that can dynamically 
change physicochemical properties. Inspired by the ability of proteins to alter their 
conformation to mediate function, we explored the use of DNA as molecular keys to 
assemble and transform colloidal nanoparticle systems. The systems consist of a core 
nanoparticle surrounded by small satellites, the conformation of which can be transformed in 
response to DNA via a toe-hold displacement mechanism. The conformational changes can alter 
the optical properties and biological interactions of the assembled nanosystem. Photoluminescent 
signal is altered by changes in fluorophore-modified particle distance, whereas cellular targeting 
efficiency is increased 2.5 times by changing the surface display of targeting ligands. These 
concepts provide strategies for engineering dynamic nanotechnology systems for navigating 


complex biological environments. 


undamental studies on the interactions of 

nanoparticle designs with biomolecules, 

cells, tissues, and organs are providing guid- 

ing principles with which to build nano- 

systems for imaging, diagnosis, and the 
treatment of disease. An optimal nanoparticle 
physicochemical property (for example, size, 
shape, and surface chemistry) for biological use 
varies with time and place within the living body, 
and current nanoparticle designs do not have the 
engineering range to meet these design require- 
ments (7-3). For example, rod-shaped particles 
are reported to be preferable for tumor pene- 
tration (4), whereas spherical nanoparticles are 
better for subsequent cellular uptake by cancer 
cells (5); nanoparticles coated with polymer 
polyethylene glycol (PEG) can increase blood 
circulation time by reducing serum protein ad- 
sorption and macrophage uptake (6) but can 
impede surface-coated antibodies from cell tar- 
geting (7). These variations have inspired the de- 
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velopment of interactive nanoparticle systems 
that can alter their properties in response to bio- 
logical stimuli (8-10). However, dynamic control 
over the physicochemical properties of nano- 
particles, especially particle shape, remains a 
challenge. DNA provides exquisite control and 
flexibility in engineering the physicochemical, 
morphological, optical, and electrical properties 
of three-dimensional (3D) nanosystems (JI-J4). 
But these DNA-assembled structures have not 
been fully exploited for cellular and biological 
application. We explored the use of DNA to as- 
semble shape-shifting nanostructures with con- 
trolled biological function. 

We used single-stranded DNA-functionalized 
gold nanoparticles (AuNPs) of different sizes (de- 
noted as large, medium, and small) as building 
blocks to assemble shape-changing nanostruc- 
tures (Fig. 1A and fig. S1). Each AuNP was func- 
tionalized with two DNA sequences: one for 
nanostructure assembly and the other for shape- 
changing (15). Valencies of these nanoparticles were 
114, 25, and 6 DNA strands on 13-, 6-, and 3-nm 
AuNPs, respectively (fig. S2). The nanoparticle 
building blocks were assembled into “core-satellite” 
structures (16, 17) by a linker DNA strand (L1 
and L2) whose ends were complementary to two 
different nanoparticle types. The assembled nano- 
structure consists of a large core with surround- 
ing satellites of medium and small size (Fig. 1, 
assembly morphology 1). An important design 
feature here is that the linkage between the core 
and the small satellites contains a single-stranded 
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used to probe the structure and dynamics of 
biological and chemical systems at the single- 
molecule level and reveal properties normally 
obscured in ensemble measurements. With ad- 
ditional improvements in sensitivity, these tools 
(8) can potentially be applicable to NMR-based 
label-free detection and analysis of single mol- 
ecules; characterization of structural and con- 
formational changes in systems that are not 
easily accessible by conventional techniques; and 
studies of dynamic phenomena, such as protein 
folding (29) and enzyme-substrate interactions 
at the single-molecule level (30). 
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tration (4), whereas spherical nanoparticles are 
better for subsequent cellular uptake by cancer 
cells (5); nanoparticles coated with polymer 
polyethylene glycol (PEG) can increase blood 
circulation time by reducing serum protein ad- 
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impede surface-coated antibodies from cell tar- 
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velopment of interactive nanoparticle systems 
that can alter their properties in response to bio- 
logical stimuli (8-10). However, dynamic control 
over the physicochemical properties of nano- 
particles, especially particle shape, remains a 
challenge. DNA provides exquisite control and 
flexibility in engineering the physicochemical, 
morphological, optical, and electrical properties 
of three-dimensional (3D) nanosystems (JI-J4). 
But these DNA-assembled structures have not 
been fully exploited for cellular and biological 
application. We explored the use of DNA to as- 
semble shape-shifting nanostructures with con- 
trolled biological function. 

We used single-stranded DNA-functionalized 
gold nanoparticles (AuNPs) of different sizes (de- 
noted as large, medium, and small) as building 
blocks to assemble shape-changing nanostruc- 
tures (Fig. 1A and fig. S1). Each AuNP was func- 
tionalized with two DNA sequences: one for 
nanostructure assembly and the other for shape- 
changing (15). Valencies of these nanoparticles were 
114, 25, and 6 DNA strands on 13-, 6-, and 3-nm 
AuNPs, respectively (fig. S2). The nanoparticle 
building blocks were assembled into “core-satellite” 
structures (16, 17) by a linker DNA strand (L1 
and L2) whose ends were complementary to two 
different nanoparticle types. The assembled nano- 
structure consists of a large core with surround- 
ing satellites of medium and small size (Fig. 1, 
assembly morphology 1). An important design 
feature here is that the linkage between the core 
and the small satellites contains a single-stranded 
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spacer sequence [17 bases (Fig. 1A, black)], which 
if precisely designed can allow nanoparticles to 
change into different shapes via a “toe-hold strand 
displacement” mechanism (18-20) to reconfigure 
the DNA assembly (Fig. 1A). An attaching strand, 
Al, was first added in order to anchor small 
satellites to the medium-sized nanoparticles under 
hybridization and purification conditions. No 
substantial change in shape was observed with 
transmission electron microscopy (TEM) at this 
step (denoted as “intermediate” structure here- 
after). Then, L1,omp, a fully complementary de- 
taching strand to the linker strand between the 
core and small satellites (L1), was added. Be- 
cause the duplex formation with L1,.m,) is en- 
ergetically favorable, L1 was displaced from the 
superstructure, resulting in the detachment of small 
satellites from the core. Through these two steps, 
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small satellites were relocated from the core to the 
medium satellite, transforming the nanoassem- 
blies into a new shape in which medium parti- 
cles became the new core, surrounded by small 
satellites (assembly morphology 2). The successful 
shape change of nanoassemblies mediated by DNA 
are shown in representative images in Fig. 1B. 
The reversibility of the transforming nano- 
assemblies is shown in Fig. 2A TEM images. The 
nanoassemblies first changed their assembled 
shape from morphology 1 to morphology 2 by the 
addition of Al and L1,omp strands. Similarly, ad- 
dition of L1 and Al,,mp allowed the nanoassem- 
blies to revert back to their original shape. 
The low-magnification TEM images (fig. S3) and 
ultraviolet-visible absorbance spectra (fig. S4) 
showed that the nanoassemblies are monodis- 
perse, and dynamic light scattering measure- 
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Fig. 1. Schematic illustration and corresponding TEM images of the shape change of nanoparticle 
assemblies mediated by DNA. (A) Individual nanoparticles (large, medium, and small) were functionalized 
with strands of two distinct single-stranded DNA sequences (NP1 to NP6). By using linker DNA strands 
containing complementary sequence regions (L1 and L2), they were then assembled into the core-satellite 


structure (assembly morphology 


1). To change the shape of the nanoassembly, attaching strands (Al) were 


added to anchor small satellites to the medium particle (intermediate). After that, the detaching strand 
(Llcomp) was added to dislocate L1, resulting in the relocation of small satellites from the large core to the 
medium satellites (assembly morphology 2). This shape change can be reversed by adding extra attaching and 
detaching strands, Ll and Alcomp. For clarity, the schematics represent a cross-section of the 3D nano- 
assemblies that are composed of core particles surrounded by satellite particles. (B) Representative TEM images 
of the nanoassemblies of morphology 1, intermediate, and morphology 2. They consist of 13-, 6-, and 3-nm 
gold nanoparticles. The orange and red circles indicate a 13- and 6-nm particle, respectively. Scale bar, 20 nm. 
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ments showed hydrodynamic sizes of 94 and ’74.nm 
for morphologies 1 and 2, respectively (fig. S5). 
These characterizations indicate that the shape- 
changing nanoassemblies are colloidally stable in 
phosphate-buffered saline. We analyzed a larger 
population of nanoassemblies with TEM to de- 
termine the efficiency of the shape shift (Fig. 2A). 
We defined assembly morphologies 1 and 2 by 
particle distance, as illustrated in fig. S6. We 
measured the proximity of 3-nm (small) particles 
to either 6-nm (medium) or 13-nm (large) par- 
ticles for each nanoassembly in order to determine 
its conformation. Structures in which satellites 
were concentrated near 3-nm particles were cat- 
egorized as assembly morphology 1, whereas 
assemblies with 3-nm particles more closely as- 
sociated with 6-nm cores were classified as mor- 
phology 2. Nanoassemblies that met neither of 
the above criteria were categorized as “other.” 
The analysis showed that conversion of mor- 
phology 1 to morphology 2 occurred at an ef- 
ficiency of 89% and was capable of reverting 
back to morphology 1 at an efficiency of 88%. 
During these shape changes, some of the satel- 
lites detach from the assembly because of im- 
perfect anchoring; the average number of 6-nm 
particles on a nanoassembly of morphology 1, 
morphology 2, and the reversed morphology 1 was 
1.8, 1.6, and 1.5, respectively, whereas that of 
3-nm particles was 9.7, 6.6, and 5.6, respectively 
(fig. S7). The shape change was further evaluated 
by means of 2D radial distribution function (RDF) 
analysis (27). RDF of satellites from a core parti- 
cle was calculated from the TEM images (Fig. 
2B). In morphology 1, a single peak around 16 nm 
was observed, indicating the isotropic position 
of 3- and 6-nm satellites with respect to the 13-nm 
core. On the other hand, broadened multiple 
peaks were observed in morphology 2, which 
reflected the new position of 3-nm satellites. This 
RDF reverted back to the single peak after adding 
LI and Al,omp strands. These differences con- 
firmed the reversible shape change of nano- 
assemblies. The shape change was not induced 
by the addition of DNA that has a noncomple- 
mentary sequence (fig. S8), suggesting specificity 
of this system. This shape-shifting property was 
not limited to a single design. By changing the 
linker stoichiometry, we successfully generated 
core-satellite structures with various numbers of 
6-nm secondary cores (two to four) (fig. $9). Using 
the same procedures, each of the base structures 
could successfully change their shape (Fig. 2C). 
We next determined whether the optical prop- 
erties of the nanoassemblies could be controlled 
through morphological changes. The optical prop- 
erties of a nanoparticle, such as fluorescence 
and surface plasmon resonance, are sensitive 
to the location of neighboring particles. For ex- 
ample, changes in the distance of neighboring 
fluorescent nanoparticles can alter their Forster 
resonance energy transfer (FRET) signals (22, 23). 
The overall principle of our experiment is de- 
scribed in Fig. 3A. DNA strands on 13-, 6-, and 
3-nm building block particles were end-labeled 
with fluorescein amidite (FAM), Cy5, or Cy3, 
respectively, then coated onto the nanoparticle 
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and assembled. Given that the 3-nm particles are 
anchored to the 13-nm core in morphology 1, 
FAM and Cy3 are close enough to induce FRET. 
When we excite FAM, florescence from Cy3 can 
be observed. However, no FRET is observed by 
the excitation of Cy3 because the 3- and 6-nm 
particles are farther from one another. After shift- 
ing to the intermediate structure, FRET can be 
observed with the excitation of either FAM or 
Cy3 as 3-nm particles are anchored to both 13- 
and 6-nm particles. When the shape is finally 
shifted to morphology 2, FRET can be detected 
only through Cy3 excitation because 3-nm par- 
ticles are now detached from the 13-nm core. 
Experimentally, DNA strands were fluorescently 
labeled according to supplier, coated onto the 
AuNPs, and purified, and the photoluminescent 
spectra were measured in order to verify suc- 
cessful coating (fig. S10). Because strands NP1 to 
NP6 were composed of 25 bases, which roughly 
corresponds to 5 to 10 kDa of linear polymer 
chain, they are remote enough to prevent fluo- 
rescent quenching by AuNPs (24). Photolumine- 
scent spectra of the assembled nanostructures 


Fig. 2. Reversibility 
and design versa- 
tility of the nano- 
assembly shape 
change. (A) TEM 
images and histo- 
grams of the nanopar- 
ticle assemblies at 
each shape-shifting 0 
step. Scale bar, 

20 nm. The shape of 
the nanoassembly 
was categorized as 
assembly morphology 
1, 2, and others by 
particle distance (the 
definition is provided 
in fig. S6), and then 
the proportion of each 
shape was analyzed 
from TEM images. 
More than 100 
assemblies were ana- 


8 8 


Population (%) 
Nv bk ®@ @ 
o 66 


o 


A Morphology 1 


. . 
e . 
-e ane 
: ony 
oo aoe 
. 


ata, 
Morphol. Morphol. Others 
1 2 


are shown in Fig. 3, B and C, at each step of the 
shape-changing process. After excitation of FAM, 
a prominent signal from Cy3 was observed at 
561 nm for assembly morphology 1 and the in- 
termediate structure (Fig. 3B). This signal was 
decreased after shifting to morphology 2. After 
Cy3 excitation, the shift from morphology 1 to 
the intermediate shape was accompanied by the 
emergence of the signal from Cy5 at 665 nm, but 
the subsequent shift to morphology 2 did not af- 
fect the signal (Fig. 3C). These changes in FRET 
signals are consistent with the expected position 
of fluorophores (Fig. 3A), validating our pro- 
posed mechanism. Real-time monitoring of the 
shape shift was also carried out with FRET mea- 
surement (Fig. 3D). Al and Licomp strands were 
sequentially added to the nanoassemblies in a hy- 
bridization buffer, during which the changes in fluo- 
rescent signals from Cy3 and Cy5—obtained through 
the excitation of FAM and Cy3, respectively— 
were measured in real time at room temperature. 
The signals from Cy3 and Cy5 respond specifically 
to the addition of the attaching and detaching 
strands, illustrating the fidelity of the shape 
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change. We found that each step of the transfor- 
mation is predominantly complete within 10 min. 
Assuming first-order reaction kinetics, the reaction 
rate constant for the first and the second step of 
the shape change was estimated to be 1.9 x 10° 
and 1.7 x 10~? s"4, respectively (fig. S11). These re- 
sults not only confirm successful shape-shifting 
of the nanoassemblies but also suggest possible 
applications as imaging probes that are respon- 
sive to specific DNA sequences. 

Last, we determined whether we could alter the 
cellular interaction of our nanoassemblies by 
changing their shape and thus, indirectly, changing 
the presentation of the surface chemistry. This is an 
important feature because the optimal physico- 
chemical properties to mediate transport in cells, 
tissues, and whole animals necessitate particles 
of different sizes, shapes, and surface chemistries 
(4-7). It is unlikely that current single-particle de- 
sign systems will be able to fulfill these engineer- 
ing requirements. We controlled the presentation 
of targeting ligands on the surface of the nano- 
assembly system by changing its shape via DNA. 
We functionalized the core particle with folic acid 
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(FA) as a targeting ligand for overexpressed folate 
receptor in many types of cancer cells (Fig. 4A) 
(25). In assembly morphology 1, FAs are sur- 
rounded by 3- and 6-nm satellites, which sterically 
hinder their targeting ability (OFF state). After 
transformation to morphology 2, “hidden” FAs 
are exposed to the outer environment via the re- 
location of 3-nm satellites, activating the target- 
ing property of the nanoassemblies (ON state). 
The FA functionalization was achieved by con- 
currently conjugating FA-functionalized PEG 
[molecular weight (/,,) = 5 kDa] terminated 
with thiol and DNA strands to 13-nm particles. 
The resulting grafting density was 40.0 + 5.2 FA 
molecules per particle. The cellular uptake of the 
FA-functionalized nanoassemblies was examined 
by using folate receptor-expressing U87-MG hu- 
man glioblastoma-astrocytoma cells (25, 26). The 
cells were incubated with the nanoassemblies of 
morphology 1 or 2 in serum-free media, as de- 
scribed in the supplementary materials, materials 
and methods. Serum was not added to the media 
so as to avoid the interaction of nonspecifically ad- 
sorbed serum proteins with nanoparticles and in- 
fluencing cellular interaction (27). TEM images of 
the nanoassemblies internalized by U87-MG cells 
are shown in Fig. 4, B and C. Nanoparticles were 
found within vesicles inside the cells, suggesting 
that they were internalized via endocytosis. More- 
over, as we reported (28), the nanostructures were 
disassembled into their respective building blocks 


in the vesicles, whereas fully assembled nanostruc- 
tures were still found in the culture media. 

We quantified the amount of cellular uptake 
by means of inductively coupled plasma mass 
spectrometry (ICP-MS). Nanoassemblies conju- 
gated with the same amount of PEG but without 
FA functionalization were used as a control. 
ICP-MS revealed that the cellular uptake of FA- 
conjugated nanoassemblies of morphology 2 was 
2.5 times higher than that of morphology 1, indi- 
cating the ON/OFF switching of the targeting 
property. It was also found that the ON/OFF 
switching was moderately effective even with- 
out FA functionalization; the cellular uptake of 
morphology 2 was 1.5 times higher than that of 
morphology 1 (Fig. 4D). We deduced that both 
shape and surface chemistry (type of DNA se- 
quences exposed on the outer surface) of the 
nontargeted nanoassembly is responsible for 
this difference (figs. S14 and S15). This effect is 
amplified by the FA conjugation. A competition 
experiment was conducted in order to confirm 
the contribution of FA functionalization in cel- 
lular uptake. Free FA was added to the culture 
media with the nanoassemblies (Fig. 4E). The 
ON/OFF ratio of the control nanoassemblies ex- 
hibited little change in the presence of free FA. 
Conversely, for FA-functionalized assemblies, 
the ON/OFF ratio substantially decreased with 
increasing free FA concentration toward control 


level, suggesting that the cellular uptake was in- 


deed mediated by FA-folate receptor interaction. 
These results demonstrate that DNA-mediated 
shape change of the nanoassembly can alter the 
surface display of targeting ligands and thus con- 
trol its cellular uptake property. 

Some natural biomolecules, such as proteins, 
switch their function by changing their 3D con- 
formation in response to biological signals. This 
quality allows them to display varying conforma- 
tions to activate functions or stay dormant until 
needed. Like these biomolecules, the nanoas- 
semblies presented here alter their fluorescent 
and cellular uptake properties by transform- 
ing their structure in response to specific DNA 
sequences. A next step is to design the linker se- 
quences to respond to circulating DNA or intra- 
cellular RNA sequences and to determine the 
impact of payload on shape-shifting property. 
Although further development is needed for 
their practical use, the concept presented here 
can be expanded to develop more complex sys- 
tems that can mimic the diverse functions of a 
protein to selectively control the biological func- 
tions of the engineered nanosystem. Our proposed 
design strategy provides a new opportunity and 
general method with which to develop future 
dynamic nanomaterials that can travel through 
the blood stream and into diseased sites, trans- 
forming into the required shapes to overcome 
diverse biological barriers and activating their 
function to diagnose or treat targeted sites. 
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Fig. 3. Changes in FRET signals from the nanoparticle assemblies in- 
duced by shape change. (A) Schematic illustration of the FRET occurring in 
the nanoassemblies. In assembly morphology 1, FRET between FAM and Cy3 
(FRET 1) can be observed through excitation of FAM, whereas FRET between 
Cy3 and Cy5 (FRET 2) does not occur through excitation of Cy3. After the 
shift to intermediate structure, FRET is observed between FAM and Cy3 and 
between Cy3 and Cy5. Then, in morphology 2, FRET can be detected only 
between Cy3 and Cy5. (B and ©) Photoluminescent spectra from nano- 
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assemblies (morphology 1, intermediate, and morphology 2). They are 
excited at (B) 480 nm for FAM or (C) 520 nm for Cy3. Each spectrum is 
normalized to the peak from (B) FAM at 519 nm or that from (C) Cy3 at 561 nm, 
respectively. (D) Real-time monitoring of FRET signals during the shape 
change. Al and Llcomp DNA strands were added at 5 and 60 min, respectively, 
to the nanostructure solution, whereas FRET signals from Cy3 (FRET 1, ex- 
citation at 480 nm) and Cy5 (FRET 2, excitation at 520 nm) were monitored 
in real time. 
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Fig. 4. Altering cellular uptake properties of the Without FA 
nanoparticle assemblies by shape change. (A) |n 1.2 

assembly morphology 1, FA is surrounded by satellite 
nanoparticles, which impedes its targeting property 
(“OFF” state). Then after the shift to morphology 2, 
the “hidden” FA is exposed to the outer environment, 
which activates the cellular uptake property of the 
assemblies (“ON” state). (B and ©) TEM images of 
the FA-functionalized nanoassemblies incubated with 
U87-MG cells. The result of the nanoassembly internal- 02 
ization for morphologies 1 and 2 are represented in (B) 

and (C), respectively. In both (B) and (C), the left im- 

age shows the overall picture of a cell that internalized 

the assemblies. The right image (i) shows the enlarged 

image of its corresponding part of the overall picture. The nanoassemblies found in 
the culture media after the incubation are also shown. Scale bars, 2.0 um (low- 
magnification images) and 100 nm (enlarged images). More enlarged images 
inside cells are provided in fig. S12. Nanoassemblies without FA functionalization 
are provided in fig. S13. (D) Comparison of the amount of cellular uptake of the FA- 
functionalized nanoassemblies between morphology 1 and morphology 2 mea- 


04 


Cellular uptake (pq/cell) 
° 
a 


REFERENCES AND NOTES 


1. W. Jiang, B. Y. Kim, J. T. Rutka, W. C. Chan, Nat. Nanotechnol, (2012). 


Morphol. Morphol 
1 2 


14. S.M. Douglas, |. Bachelet, G. M. Church, Science 335, 831-834 


ME Without FA 


With FA 


** 


ON/OFF ratio (-) 
a 


= 


0.5 


Morphol, Morphol. OmM 1mM 2m™M OmM 1mM 2mM 
1 2 Concentration of free folic acid 

sured with ICP-MS. Nanoassemblies without FA functionalization were also used 
as controls. Data are averages + SD (n > 3 experimental replicates). (E) Effect of 
free FA on the ON/OFF switching ratio of the cellular uptake. The ON/OFF ratio was 
defined as the ratio of the amount of cellular uptake of the assemblies between 
morphology 2 and morphology 1 (raw data are shown in fig. S16). Data are ave- 
rages + SD (n > 3 experimental replicates). **P < 0.01, *P < 0.05. N.S., not significant. 


ACKNOWLEDGMENTS 
W.C.W.C. acknowledges the Natural Sciences and Engineering 


3, 145-150 (2008). 15. X. Zhang, M. R. Servos, J. Liu, J. Am. Chem. Soc. 134, Research Council (NSERC) for support (2014-06397), Canadian 

2. R.A. Petros, J. M. DeSimone, Nat. Rev. Drug Discov. 9, 615-627 7266-7269 (2012). nstitute of Health Research (MOP-130143), and Prostate Cancer 
(2010). 16. X. Xu, N. L. Rosi, Y. Wang, F. Huo, C. A. Mirkin, J. Am. Canada (D2014-12). S.0. acknowledges the Japan Society for 

3. H. Cabral et al., Nat. Nanotechnol. 6, 815-823 (2011). Chem. Soc. 128, 9286-9287 (2006). he Promotion of Science (JSPS) for a Research Fellowship (PD, 

4. V.P. Chauhan et al., Angew. Chem. Int. Ed. Engl. 50, 17. J. H. Yoon, J. Lim, S. Yoon, ACS Nano 6, 7199-7208 (2012). no. 5621) and the Ministry of Education, Culture, Sports, Science and 
11417-11420 (2011). 18. D. Y. Zhang, G. Selig, Nat. Chem. 3, 103-113 (2011). echnology (MEXT) of Japan for a Grant-in-Aid for Young Scientists 

5. B.D. Chithrani, A. A. Ghazani, W. C. Chan, Nano Lett. 6, 19. B. Yurke, A. J. Turberfield, A. P. Mills Jr., F. C. Simmel, (B, no. 26820356). D.G. acknowledges NSERC for a graduate 
662-668 (2006). = 7 Neumann, Nature 406, 605-608 (2000). ellowship. The authors thank the Advanced Bioimaging Centre at 

6. K. Knop, R. Hoogenboom, D. Fischer, U. S. Schubert, 20. Y. Tian, ©. Mao, J. Am. Chem. Soc. 126, 11410-11411 (2004). Mount Sinai Hospital for the use of the TEM and Toronto 
Angew. Chem. Int. Ed. Engl. 49, 6288-6308 (2010). al. X. Yu et al., Nano Today 8, 480-493 (2013). Nanofabrication Center at University of Toronto for the use of ICP-MS. 

7. Q. Dai, C. Walkey, W. C. Chan, Angew. Chem. Int. Ed. Engl. 53, | 22. C. S. Yun et al., J. Am. Chem. Soc. 127, 3115-3119 (2005). he authors also thank L. Chou for interesting discussions. 
5093-5096 (2014). 23. P. D. Howes, R. Chandrawati, M. M. Stevens, Science 346, 


8. C. Wong et al., Proc. Natl. Acad. Sci. U.S.A. 108, 2426-2431 1247390 (2014). 


SUPPLEMENTARY MATERIALS 


9, Maltzahn et al., Nat. Mater. 10, 545-552 (2011). a au ae WG: ChaniAdv.Healthe: Mates. 1. /la-7el www.sciencemag.org/content/351/6275/841/suppl/DC1 
10. J. W. Yoo, S. Mitragotri, Proc. Natl Acad. Sci. U.S.A. 107, 25. Z. Xuet al., Int. J. Pharm. 426, 182-192 (2012). tat a 
11205-11210 (2010). 26. J. Zhu et al., Biomaterials 35, 7635-7646 (2014). Saeed (29-31) 
ll. M.R. Jones, N.C. Seeman, C. A. Mirkin, Science 347, 1260901 (2015). 27. C. D. Walkey et al., ACS Nano 8, 2439-2455 (2014). 
12. A. Kuzyk et al., Nature 483, 311-314 (2012). 28. L. Y. Chou, K. Zagorovsky, W. C. Chan, Nat. Nanotechnol. 9, 19 September 2015; accepted 15 January 2016 


13. Y. Zhang et al., Nat. Mater. 14, 840-847 (2015). 148-155 (2014). 


SCIENCE sciencemag.org 


10.1126/science.aad4925 


19 FEBRUARY 2016 * VOL 351 ISSUE 6275 845 


RESEARCH | REPORTS 


DNA REPAIR 


Ubiquitinated Fancd2 recruits Fanl to 
stalled replication forks to prevent 
genome instability 


Christophe Lachaud,’ Alberto Moreno,” Francesco Marchesi,* Rachel Toth," 
J. Julian Blow,” John Rouse™* 


Mono-ubiquitination of Fancd2 is essential for repairing DNA interstrand cross-links (ICLs), 
but the underlying mechanisms are unclear. The Fan1 nuclease, also required for ICL 
repair, is recruited to ICLs by ubiquitinated (Ub) Fancd2. This could in principle explain how 
Ub-Fancd2 promotes ICL repair, but we show that recruitment of Fanl by Ub-Fancd2 is 
dispensable for ICL repair. Instead, Fan1 recruitment—and activity—restrains DNA 
replication fork progression and prevents chromosome abnormalities from occurring 
when DNA replication forks stall, even in the absence of ICLs. Accordingly, Fan1 
nuclease-defective knockin mice are cancer-prone. Moreover, we show that a Fan1 variant 
in high-risk pancreatic cancers abolishes recruitment by Ub-Fancd2 and causes genetic 
instability without affecting ICL repair. Therefore, Fanl recruitment enables processing of 


stalled forks that is essential for genome stability and health. 


nterstrand cross-links (ICLs) block DNA 

replication. Defects in repairing ICLs are 

implicated in Fanconi anemia (FA), a rare 

autosomal recessive disease typified by hy- 

persensitivity to ICL-inducing agents such as 
mitomycin-C (MMC) or diepoxybutane (DEB), ex- 
aggerated G2 arrest, and increased chromosome 
abnormalities after exposure to these agents (1). 
FA is caused by mutations in any of the 19 Fanc 
proteins comprising the FA network (2). The 
mono-ubiquitination of Fancd2 at Lysine-561 
is essential for ICL repair, but the underlying 
mechanisms are unclear (2, 3). The Fan] nuclease 
is recruited to ICLs in S-phase via the interaction 
between its ubiquitin-binding (UBZ) domain 
and ubiquitinated (Ub) Fancd2 (4-7). However, 
mutations in Fan1 do not cause FA, as might be 
expected, but rather lead to karyomegalic inter- 


stitial nephritis (KIN) (8), suggesting that Fan1 
and Fancd2 play distinct roles in ICL repair. There- 
fore, the functional importance of the Fan1/Ub- 
Fancd2 interaction is unclear, and we took several 
approaches to address this problem. 

First, we tested the ability of UBZ-mutated 
Fanl (UBZ*) to rescue the MMC sensitivity of 
human U2O0S Fanl~ cells (9). Mutating two 
conserved residues (C44A+C47A) in the Fanl 
UBZ domain that abolishes foci (4) fully rescued 
the MMC hypersensitivity of Fan1/~ cells (Fig. 1A 
and fig. SIA). Embryonic fibroblasts (MEFs) from 
Fanl nuclease-defective (nd) mice harboring a 
deletion of the last 41 amino acids of Fanl, in- 
cluding key catalytic residues (figs. S2 and S3) 
(mice described in the supplementary materials), 
were hypersensitive to MMC (Fig. 1B). The mu- 
rine Fanl UBZ* mutant fused to green fluorescent 


protein (GFP), expressed at roughly four times 
the level of endogenous Fan, failed to form foci 
(fig. S1, B to D). However, this mutant rescued the 
MMC hypersensitivity of FanI"™”/"4 MEFs (Fig. 1B). 
These data suggest that the recruitment of Fan1 
by Ub-Fancd2 is dispensable for ICL repair. Fur- 
thermore, we found that the UBZ-mutated Fan1 
fully rescued the exaggerated G2 arrest seen in 
FanI"’"¢ MEFs (Fig. 1C) but failed to rescue the 
increase in chromosome abnormalities (radial 
structures and chromatid breaks) induced by 
MMC (Fig. 1D). 

Fani1"’/"4 MEFs also showed a high level of 
chromosome abnormalities in response to fork- 
stalling agents such as methylmethanesulfonate 
(MMS) (fig. $4) and hydroxyurea (HU) (Fig. 2A), 
which cause base alkylation and nucleotide de- 
pletion, respectively. The increase in chromosome 
abnormalities in FanI"’"4 MEFs induced by HU 
was not reversed by the Fan1 UBZ* mutant (Fig. 
2A). These data indicate that Fan1 nuclease ac- 
tivity and interaction with Ub-Fancd2 prevent 
chromosome abnormalities at stalled forks in- 
dependent of ICL repair. This is consistent with 
Fancd2 null cells showing high levels of chromo- 
some abnormalities after exposure to HU (JO), 
but the requirement of ubiquitination was not in- 
vestigated. We found that the non-ubiquitinatable 
mouse Fancd2 K559R mutant was unable to res- 
cue the high levels of chromosome abnormalities 
induced by MMC or HU in Fancd2“" MEFs (Fig. 
2B and fig. S5A), consistent with the idea that 
interaction of Fan1 with Ub-Fancd2 is required 
for this response. However, Ub-Fancd2 and Fan1 
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U20S Fanl’~ cells stably expressing GFP-tagged Fanl or Fanl C44A+C47A 


(UBZ*), exposed to the concentrations of MMC indicated, were subject 


to clonogenic survival assays. For each cell population, viability of untreated cells is defined as 100%. (B) Clonogenic survival analysis of Fanl"’"4 MEFs stably 
expressing GFP-tagged murine Fanl or Fanl UBZ* mutant. Wild-type MEFs were used as control. (C) FACS analysis of DNA content in Fanl"¢"4 MEFs stably 
expressing GFP- Fanl or GFP-Fanl UBZ* mutant after exposure to MMC for 24 hours. Wild-type MEFs (Fan1*’*) with empty vector were used as control. 
(D) The number of chromosome abnormalities per metaphase in spreads of MEFs exposed to MMC. Data in (A) and (B) are represented as mean + SD. In 
(D), significance was calculated using one-way analysis of variance (ANOVA) (****P < 0.0001) followed by Bonferroni’s Multiple Comparison Test. 
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Fig. 2. Fanl nuclease activity and Ub-Fancd2 interaction prevent chro- 
mosome abnormalities at stalled forks. After exposure of cells to HU or 
MMC as indicated, metaphase spreads were prepared and the number of 
chromosome abnormalities (radial structures and chromatid breaks) was 
quantitated. The following cells were analyzed: (A) Fan1*’* MEFs infected 
with empty virus and Fan1"’"¢ MEFs complemented with GFP-tagged Fan1 
wild-type (WT), Fanl UBZ* mutant, or empty virus. (B) Fancd2~”~ MEFs 
infected with empty virus or virus expressing mCherry-Fancd2 or mCherry- 
Fancd2 K559R. (C) MEFs from littermate mice of the genotypes indicated. 
Statistical significance was calculated using one-way ANOVA (****P < 0.0001) 
followed by Bonferroni's Multiple Comparison Test. 
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Fig. 3. Fan1 nuclease activity and Ub-Fancd2 interaction control progression of stalled forks. (A) Fiber labeling protocol. Primary MEFs were pulsed with 
CldU followed by IdU with HU, and IdU track length was measured. (B to D) Dot plots of IdU replication tracks in MEFs of the genotypes indicated. In (B), representative 
CldU and IdU replication tracks are shown (right panels). Cells were infected with viruses expressing the Fancd2 (C) or Fan1 (D) proteins indicated. (E) Dot plot of IdU 
replication tracks in U2OS cells, and U20S Fanl’~ cells stably transfected with the vectors indicated. nd, nuclease-defective. Red lines represent mean track 
length. Statistical significance was calculated using one-way ANOVA (****P < 0.0001) followed by Bonferroni's Multiple Comparison Test. 
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may prevent chromosome abnormalities at stalled 
forks by different mechanisms. To address this 
point, we crossed FanI"“/"* mice with Fancd27/~ 
mice to generate double mutants. As shown in 
Fig. 2C, the level of HU-induced chromosome 
abnormalities in MEFs from Fan1"“/"¢ Fancd2/- 
double-mutant mice was not higher than in the 
respective single mutants, suggesting that Fan1 
and Fancd2 are epistatic in this respect. Therefore 
the Fan1/Ub-Fancd2 interaction, and Fan1 nucle- 
ase activity, is required for preventing chromo- 
some abnormalities when forks stall, and this role 
appears to be independent of ICL repair. 

As well as preventing chromosome abnormal- 
ities, Fancd2 has been implicated in restraining 
progression of forks that stall after exposure to 
HU (11). We set out to investigate whether Fan1 
plays a similar role using DNA fiber analysis. Pri- 
mary MEFs were pulsed with chlorodeoxyuridine 
(CldU) followed by 5’-iododeoxyuridine (IdU) 
with or without HU, and IdU track length was 
measured (Fig. 3A). Fancd27/- MEFs had sub- 
stantially longer IdU tracks in HU than wild-type 
MEFs (12), and a similar effect was seen in 


FanI"’"¢ MEFs (Fig. 3B). Tracks from FanI??/"4 
Fancd2~/~ double-mutant MEFs were not longer 
than in the respective single-mutant cells, imply- 
ing epistasis (Fig. 3B). No differences in track 
length were observed in the absence of HU (fig. 
S5B). Consistent with the fiber data, we observed 
more DNA synthesis in FanI"“™4 MEFs exposed to 
HU than in Fani*/"4 MEFs, judged by fluorescence- 
activated cell sorting (FACS) analysis of 5-ethynyl- 
2'-deoxyuridine (EdU) incorporation (fig. 6). Thus, 
Fancd2 and Fanl1 restrain the progression of 
stalled forks, and we next tested whether their 
interaction is required. Fancd2~/- MEFs express- 
ing the murine Fancd2 K559R mutant had sub- 
stantially longer IdU tracks in HU than cells 
expressing Fancd2 (Fig. 3C). Furthermore, we found 
that the Fanl UBZ* mutant failed to restore 
normal track length in HU-treated Fan1™4/"4 
MEFs, in contrast with wild-type Fan1 (Fig. 3D). 
Accordingly, U2OS Fani~/~ cells had longer repli- 
cation tracks in HU than parental cells, and nei- 
ther the Fanl UBZ* mutant nor the nuclease-dead 
mutant rescued this defect (Fig. 3E). Together 
these data show that the Fan1/Ub-Fancd2 inter- 


action restrains the progression of stalled forks, a 
function that also requires Fan1 nuclease activity. 
Biallelic mutations in Fancd2, or genes that 
promote Fancd2 ubiquitination, cause FA, typ- 
ified by cancer predisposition (1, 2). We spec- 
ulated, therefore, that Fan1 defects might also 
cause cancers. No tumors were observed in 
Fanl"’"* mice at 6 months (data not shown), 
but by 20 months, around 85% of Fanl"“"4 mice 
developed cancers; no malignancies were evident 
in age-matched Fan1*/* mice (Fig. 4A). Pulmonary 
carcinomas, epithelial-type cancers similar to 
those reported in FA patients and Fancd27/~ 
mice (12), were observed in 28% of the mice, 
and 57% developed lymphoma (Fig. 4, A and B). 
These data suggest that Fan1 nuclease activity 
is a tumor suppressor, at least in mice. 
Because suppression of chromosome abnor- 
malities by Fan1 requires interaction with Ub- 
Fancd2 as well as Fanl nuclease activity, we 
postulated that mutations in the human Fan1 
UBZ domain might cause cancers. Whole-exome 
sequencing recently identified a recurrent germ- 
line Fan! variant, M5OR, occurring at a relatively 
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Fig. 4. Fanl nuclease activity and interaction with Ub-Fancd2 prevent 
cancers. (A) Incidence of carcinoma and lymphoma in Fanl*”* and Fan1"“"4 
mice at ~20 months of age revealed by genotype-blind whole-body path- 
ological analyses. (B) Representative images of pulmonary carcinoma and 
hepatic lymphoma from Fan1"™"4 mice. (C) Alignment of the UBZ domain of 
FANL. Identical residues, black; similar residues, gray. Asterisks denote C44 
and C47 residues. Red arrow denotes M50. (D) U20S Fanl“~ cells stably 
expressing the proteins indicated were treated, or not, with MMC or HU, and 
the proportion of cells with >5 GFP-FAN1 foci were counted. (E) Clonogenic 
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survival analysis of U2OS Fanl’~ stably expressing the GFP-tagged Fanl 
proteins indicated, after exposure to the indicated concentrations of MMC for 
18 hours. (F) Chromosome abnormalities in U2OS Fanl“~ cells, stably ex- 
pressing the proteins indicated, after treatment with MMC or HU. (G) Dot 
plots of IdU replication tracks in U2OS Fanl“~ cells, stably expressing the 
GFP-Fan1 proteins indicated, after exposure to HU. In (D) and (E), data are 
represented as mean + SD. In (F) and (G), significance was calculated using 
one-way ANOVA (****P < 0.0001) followed by Bonferroni's Multiple Com- 
parison Test. 
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high frequency in high-risk pancreatic cancers 
(13). The M50R Fan variant, which cosegregates 
with pancreatic cancer in two separate families, 
is a strong candidate pancreatic cancer predis- 
position gene. M50 lies in the UBZ domain of 
Fanl (Fig. 4C). Similar to the UBZ* mutation 
(C44A+C47A), the Fanl M50R mutation abol- 
ished Fan1 foci but rescued the MMC sensitiv- 
ity of U20S Fanl/~ cells (Fig. 4, D and E). The 
M50R mutant failed, however, to prevent chro- 
mosome abnormalities induced by HU or MMC 
in Fan“ cells (Fig. 4F). Moreover, expression of 
wild-type Fan] in Fan1~’~ cells restored normal 
track length in HU, but the Fan1 M50R mutant 
failed to do so (Fig. 4G). Therefore, the Fan] M50R 
variant associated with high-risk pancreatic can- 
cers causes unrestrained replication fork progres- 
sion and chromosomal instability known to drive 
carcinogenesis. 

In this study, we made the unexpected find- 
ing that although Ub-Fancd2 recruits Fan1 to 
ICL-blocked replication forks, this is not required 
for ICL repair judged by MMC sensitivity and 
G, arrest. Instead, Fan1 recruitment is vital for 
protective responses when forks stall, even in 
the absence of DNA cross-links. Cells defective 
in Fani recruitment, or activity, show a high fre- 
quency of chromosome abnormalities and in- 
creased fork rate when forks are forced to stall. 
The mechanisms underlying these defects are 
not yet clear, but cells depleted of the HLTF 
translocase or RAD51 recombinase, which both 
drive fork reversal, show longer replication tracks 
in HU, similar to Fanl-defective cells (74, 15). 
Therefore, Fan1 recruitment and activity might 
promote fork reversal, but this remains to be 
tested. It is not yet clear whether the chromo- 
some abnormalities seen after fork stalling in 
Fan1-defective cells are related to the increased 
fork speed or whether they arise indepen- 
dently. It seems counter-intuitive, perhaps, that 
a nuclease activity is required to prevent chro- 
mosome breaks at stalled forks. One potential 
explanation is that Fan1 cleaves stalled forks in 
a way that enables replication to resume after 
fork stalling, consistent with a recent report that 
Fanl promotes replication fork recovery (J6). 
Failure of Fanl-mediated fork processing may 
result in the persistence of structures that are 
cleaved inappropriately by other nucleases, lead- 
ing to forks breaking in a way that is refractory to 
repair. 

Our observations that Fan1 nuclease activity 
and interaction with Ub-Fancd2 prevent can- 
cers prompt future investigations as to whether 
cancer predisposition associated with FA might 
be caused by defective fork processing, as opposed 
to defective ICL repair. Identifying a separation- 
of-function Fan1 mutant affecting ICL repair but 
not stalled fork processing would be valuable for 
these efforts. Besides pancreatic cancer, germline 
mutations in Fan1 have been identified in colon 
cancer (17). Loss of heterozygosity (LOH) has not 
been observed in tumors from the M5OR carriers 
or in Fani-mutated colon cancers (13, 17). Epige- 
netic inactivation of Fan1, haplo-insufficiency, or 
dominant-negative effects may provide explana- 
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tions, but these ideas remain to be investigated. 
KIN caused by biallelic Fan1 mutations is a very 
rare disease, but early-onset cancers were reported 
in two affected families (77). These reports, to- 
gether with the present study, are consistent with 
Fan1 acting as a tumor suppressor with multiple 
roles in genome maintenance vital for preventing 
human diseases. 
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Neurons diversify astrocytes 
in the adult brain through sonic 


hedgehog signaling 


W. Todd Farmer,’ Therése Abrahamsson,' Sabrina Chierzi,’ Christopher Lui," 
Cristian Zaelzer,' Emma V. Jones,’ Blandine Ponroy Bally,’ Gary G. Chen,””” 
Jean-Francois Théroux,”? Jimmy Peng,*”* Charles W. Bourque,’ Frédéric Charron,** 
Carl Ernst,”*?*®” P, Jesper Sjéstrém,' Keith K. Murai** 


Astrocytes are specialized and heterogeneous cells that contribute to central nervous 
system function and homeostasis. However, the mechanisms that create and maintain 
differences among astrocytes and allow them to fulfill particular physiological roles remain 
poorly defined. We reveal that neurons actively determine the features of astrocytes in 
the healthy adult brain and define a role for neuron-derived sonic hedgehog (Shh) in 
regulating the molecular and functional profile of astrocytes. Thus, the molecular and 
physiological program of astrocytes is not hardwired during development but, rather, depends 
on cues from neurons that drive and sustain their specialized properties. 


strocytes have fundamental roles in near- 
ly all aspects of brain function, including 
extracellular ion and neurotransmitter ho- 
meostasis, neurometabolism, and cerebro- 
vasculature control (J-3). Prime examples 
are pH-sensing brainstem astrocytes that medi- 
ate respiratory control (4) and AMPA (a-amino-3- 
hydroxy-5-methyl-4: isoxazolepropionic acid)-type 
glutamate receptor-expressing glia that func- 
tion in cerebellar motor learning (5). Distinct 
patterns of transcription (6, 7) implicate select 


genetic programs and possibly distinct signaling 
mechanisms that establish astrocyte subtypes 
(2, 8). These processes participate in early de- 
velopmental patterning events to promote as- 
trocyte heterogeneity in vivo (9-12). 

We explored how molecular features of astro- 
cytes are created and sustained in the mature 
mouse brain. Because of the complexity of as- 
trocyte heterogeneity in brain areas such as the 
cerebral cortex, we focused on the cerebellar cor- 
tex, which contains two specialized astrocyte 
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types, Bergmann glial cells (BGs) and velate as- 
trocytes (VAs), that have distinct cell positioning, 
morphology, and molecular composition (13, 14). 
BGs localized within the Purkinje cell (PC) layer 
extend processes that enwrap PC dendrites and 
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synapses (Fig. 1A). In contrast, VAs in the granule 
cell layer (GCL) surround granule cells (GCs) and 
mossy fiber glomeruli (Fig. 1A) (15). BGs and VAs 
display distinct, but overlapping, molecular pro- 
files. Although BGs and VAs show comparable 
expression of genes, including GFAP (glial fib- 
rillary acidic protein), Sov9 [SRY-related high 
mobility group (HMG)-box gene 9], and GLTI 
(glutamate transporter 1), BGs are enriched in 
AMPA receptors GluAl and GluA4, and GLAST 
(glial high-affinity glutamate transporter) (Fig. 
1B) (5). VAs, in contrast, have low amounts of 
GluAl, GluA4, and GLAST and large amounts of 
the water channel aquaporin 4 (AQP4) (Fig. 1B) 
(16). Note that components of the sonic hedge- 
hog (Shh) signaling pathway, a developmental 
morphogen pathway (/7, 18), including the Glz7 
transcription factor and Shh receptors Patched 
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Fig. 1. Astrocytes in cerebellar cortex, expression of Shh, and Smo deletion. (A) BG (green) with 
soma in the Purkinje cell layer (PCL) and processes in the molecular layer (ML), and VAs (magenta) in 
GCL. (B) Immunofluorescence microscopy for proteins in BGs and VAs. (C) Expression of Shh in PCs 
expressing calbindin (magenta, asterisks), GCs (right, arrowheads), and interneurons (right, arrow) in 
Shh reporter mice and after Shh immunolabeling. (D) Removal of Smo through Cre recombination at 
5 weeks and analysis 4 weeks later (n = 6 pairs). Scale bars: (B) 30 um. (C) 15 um, (D) 10 um. 
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(patched domain-containing protein) 1 and 2 
(Ptch1/2), are also enriched in mature BGs but 
not VAs (www.brain-map.org; www.gensat.org) 
(Fig. 1B). Ptch2 and Smoothened (Smo) are also 
expressed by cultured cerebellar astrocytes ex- 
pressing GLAST (fig. S1). 

In the developing central nervous system 
(CNS), various cells produce Shh to regulate 
cell specification, axon guidance, and cell pro- 
liferation (17, 18). To identify which cells pro- 
duce Shh in the mature brain, we used a mouse 
line that produces tamoxifen-sensitive Cre re- 
combinase from the Shh gene locus (fig. S2A). 
Cre activation with tamoxifen in >5-week-old 
mice revealed that PCs, GCs, and interneu- 
rons expressed Shh (Fig. 1C and fig. S2, B to E). 
Immunolabeling for Shh showed localization 
in neurons, including PCs, and an overall en- 
richment in the molecular layer (Fig. 1C and 
fig. S2, F and G). To determine whether Shh 
signaling regulates mature BGs in vivo, we re- 
moved the Shh signal transducer Smo from BGs 
using controlled activation of Cre with tamoxifen 
in astrocytes expressing GLAST (GLAST CreERT2) 
(fig. S3A) (19, 20). Quantitative reverse transcrip- 
tase polymerase chain reaction (qRT-PCR) showed 
a 24% loss of Smo mRNA after Cre activation 
(fig. S3B), an amount that did not disrupt cerebellar 
organization or motor performance (fig. S3C). BGs 
lacking Smo extended processes that enwrapped 
PC dendrites, detected by staining of calbindin, 
and spines, seen by staining of metabotropic glu- 
tamate receptor 1 (mGluR1) (fig. S4). 

Although Smo was not essential for the struc- 
ture of BGs, Smo regulated expression of mol- 
ecules that confer BG specialized properties (5). 
Shh signaling sustained GluAl expression and 
prevented expression of AQP4 (Fig. 1D and fig. 
S3D). Virally expressed Cre in patches of BGs 
(Fig. 2A) revealed that Smo was needed for ex- 
pression of GluAl, GluA4, GLAST, the inward 
rectifying potassium channel Kir4.1 (27), and 
Ptch2 (Fig. 2, B and C, and fig. $5) (22). This loss 
was accompanied by an increase in the amount 
of AQP4 (Fig. 2, B and C). No changes were ob- 
served for GLT1 or overall anatomy (figs. S5 and 
S6). To assess physiological changes to BGs, we 
used AMPA uncaging to elicit AMPA-receptor 
responses in BGs (Fig. 2D). This showed reduced 
AMPA receptor-mediated currents after Smo loss 
(Fig. 2E). To determine whether Shh expressed by 
PCs maintains BG gene expression, we removed 
Shh from PCs using Cre (fig. S7A). BGs next to 
PCs lacking Shh had decreased amounts of GluA1, 
Kir4.1, and GLAST and increased amounts of 
AQP4 (Fig. 2F and fig. S7B), with no disruption 
to the presence or position of cells containing 
SOX9 or the expression of GLT1 (fig. S8). 

Cerebellar VAs are exposed to lower amounts 
of Shh than BGs, as indicated by Shh immuno- 
labeling (Fig. 1C) and the low amounts of Shh 
receptor Ptch2, which is positively regulated by 
Shh signaling (Fig. 1B). To test whether the Shh 
pathway could control VAs, constitutively active 
Smo (SmoM2) was expressed in VAs under the 
control of Cre (fig. S9A) (23). Virally and gen- 
etically induced expression of SmoM2 in VAs 
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reduced amounts of AQP4 and increased GluAl, 
GLAST, and Kir4.1 (Fig. 3, A to C, and fig. S9, B to 
D) without affecting cell proliferation (fig. S10). 
To determine whether increasing the Shh path- 
way allowed VAs to obtain an mRNA profile 
resembling that of BGs, we performed RNA se- 
quencing (RNA-seq) on small groups of VAs and 
BGs individually isolated from fresh brain slices 
(Fig. 3D and fig. S11). This identified 415 mRNAs 
that significantly distinguish control VAs from 
BGs. Hierarchical clustering analysis based on 
these mRNAs showed that SmoM2-expressing VAs 
(SmoM2 VAs) showed greater similarity to BGs 
than control VAs. Genes strongly expressed in 
control VAs like Edni (endothelin 1) and Tir2 
(Toll-like receptor 2) are substantially reduced 
in SmoM2 VAs, whereas genes expressed in BGs 
like Anxa7 (annexin A7) are up-regulated in SmoM2 
VAs (Fig. 3, E and F). Thus, Shh signaling drives 
specific changes in VAs, which causes them to ac- 
quire a molecular profile that is intermediate be- 
tween a BG and a VA. 

We also tested if Shh signaling regulates 
BGs during development by altering Shh signal- 
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ing at postnatal day 2 (P2) and analyzing mice at 
P15 (fig. S12). Smo deletion decreased amounts of 
GluA1 and increased amounts of AQP4: in develop- 
ing BGs (fig. S13, A and B), whereas SmoM2 ex- 
pression increased abundance of GluAl, GluA4, and 
Kir4.1 in VAs (fig. S13, C and D). SmoM2 expression 
led to a small, significant increase in proliferating 
glia that contained Ki67, which suggested that Shh 
signaling promotes cell division during early stages 
(fig. S14). Thus, cerebellar astrocytes use the Shh 
pathway at developing and adult stages to estab- 
lish and sustain their molecular features. 

Shh is expressed by neurons in several adult 
brain regions (24-26). To determine whether as- 
trocytes in these areas respond to the Shh path- 
way, we expressed SmoM2 in mature astrocytes 
(fig. S15) and examined the expression of pro- 
teins, including Kir4.1, which shows heteroge- 
neous expression (Fig. 4 and fig. S15). In the 
hippocampus, SmoM2 expression increased Kir4.1 
protein in CA1 and dentate gyrus astrocytes and 
overall Kir4.1 mRNA (Fig. 4, A to C, and figs. S15 
and S16). Kir4.1 mRNA was also decreased in 
Shh haploinsufficient mice, which showed re- 
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duced Shh and Gli] mRNA (Fig. 4D). Kir4.1 up- 
regulation also increased barium-sensitive Kir4.1 
currents, as revealed by changes in the rectifica- 
tion index (Fig. 4, E to H, and fig. S17) (20. 
Similarly, Kir4.1 mRNA levels were reduced in 
cultured hippocampal astrocytes exposed to Shh 
pathway inhibitors (fig. S18) (27, 28). GLAST, 
GluA1, and GluA4 expression were unaffected (figs. 
S19 to S21). In cortical astrocytes, removal of Smo 
reduced Kir4.1 protein (fig. S22, A and B), whereas 
expression of SmoM2 increased astrocyte Kir4.1 
protein (fig. S22, C and D, and fig. S23). This was 
consistent with decreased and increased Kir4.1 
mRNA in the cortex of Shh haploinsufficient 
and SmoM2 mice, respectively (fig. S22, E and F). 
GLAST and AQP4 mRNAs remained unchanged 
in SmoM2 and Shh haploinsufficient mice (figs. S22, 
$24, and S25). 

We found that astrocytes depend on cues from 
mature neurons to control their complex molec- 
ular profile in vivo. This challenges the concept 
that astrocytes contain hardwired molecular and 
physiological programs that are fully determined 
during development and indicates that neurons 


Fig. 2. Purkinje cells diversify BGs in the mature 
cerebellum. (A) (Left) Fluorescence microscopy 
of membrane-targeted green fluorescent protein 
(GFP) (mGFP, green) in the cerebellum after viral 
expression of Cre. (Right) BGs that express mGFP 
or not (mTom; magenta). (B and C) Smo loss in 
BGs (green; virus delivered at >5 weeks, ana- 
yzed 4 weeks later) [Ptch2 (n = 3 pairs), GluAl 
n=5), GluA4 (n = 3), GLAST (n = 3), Kir4.1 (n = 3), 
and AQP4 (n = 5)]. Protein expression determined 
by colocalization with mGFP reference protein. 
D) (Left) Setup to elicit AMPA receptor currents 
in BGs. (Right) Patched BGs showing the location 
of the compound (N)-1-(2-nitrophenyl)ethylcarboxy- 
S)-a-1-(2-nitrophenyl)ethylcarboxyamino-3-hydroxy- 
5-methyl-4-isoxazolepropionic acid (NPEC-AMPA) 
puff pipette and laser pulse (asterisk). (E) AMPA 
receptor currents in BGs. (Left) Representative 
trace and quantification of uncaging-evoked AMPA 
receptor currents in cells with Smo (n = 7; Smo*/*) 
or not (n = 8; Smo“). (F) Immunofluorescence 
detection of GluAl and AQP4 in BG after loss of 
Shh from PCs (n = 4 pairs). Error bars represent 
SEM. Student's t test. *P < 0.05, **P < 0.01, 
***P < 0.001. Scale bars: (A) 300 um, (B), (D), 
and (F) 40 um. 
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communicate with astrocytes to actively regulate 
their local environment in the brain. Neurons 
use Shh to control the properties of astrocytes 
and thus extend its role beyond cell proliferation, 
specification, and axon guidance during CNS de- 
velopment (17, 18). Surprisingly, astrocytes across 
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brain regions use Shh signaling differently. Cere- 
bellar BGs use Shh signaling to promote glutamate 
detection (GluA1 and 4) and recovery (GLAST), 
as well as potassium homeostasis (Kir4.1) (2D). 
This is presumably related to the dense gluta- 
matergic inputs onto PCs in the molecular layer. 


Note that cerebellar VAs acquire features of the 
BG transcriptome upon Shh signaling. Cortical 
and hippocampal astrocytes, in contrast, use Shh 
signaling for more selective regulation of Kir4.1. 
It is possible that neurons release an array of 
factors, including Shh, to create astrocyte complexity 
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Fig. 4. Shh signaling 
controls hippocam- 
pal astrocytes. 

(A) Astrocytes 
containing SmoM2 
(white arrowheads) or 
not (magenta arrow- 
heads). Cre was acti- 
vated at 5 weeks with 
mice analyzed 4 
weeks later. (B) Quan- 
tification of Kir4.1 
expression in CAl and 
dentate gyrus through 
fluorescence colocali- 
zation with Tomato 
reference protein 

(n = 4 pairs). One-way 
ANOVA with Tukey's. 
(C) mRNA levels in 
hippocampus 

(>5 weeks; 2 weeks 
after Cre induction; 
n=7 control and 8 
SmoM2 mice). Stu- 
dent's t test. (D) 
mRNA levels in Shh 
haploinsufficient mice 
(>5 weeks; n = 6 
pairs). Student's t test. 
(E to H) Ba**-sensitive 
Kir4.1 currents in 
astrocytes 2 weeks 
after SmoM2 expres- 
sion. (E) (Left) Vol- 
tages were stepped 
from —160 to O mV, 
with initial step to 
inactivate non-Kir K* 
currents. (Middle, 
right) Representative 
currents before (a) 
and after (b) Ba**, 
with Kir4.1 current 
determined by sub- 
traction (a — b). (F and 
G) Hierarchical 
clustering analysis- 
grouped SmoM2(-) 
(n = 6 cells) with 
controls (Tom, n = 10) 
but segregated 
SmoM2(+) (n = 8). 
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(H) SmoM2(+) Ba?*-sensitive current-voltage curve differed below the reversal potential. Wilcoxon-Mann-Whitney test. Error bars represent SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001. (A) Scale bars, 500 wm and 20 um. 


in the mature brain (6, 7). These factors likely co- 
operate with developmental patterning events 
to generate astrocyte heterogeneity (J0, 11, 29) 
and ultimately ensure that astrocytes are prop- 
erly specialized for the needs of local neural cir- 
cuits (30). 
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MICROBIOME 


Lactobacillus plantarum strain 
maintains growth of infant mice 
during chronic undernutrition 


Martin Schwarzer,”?* Kassem Makki,”* Gilles Storelli,’ Irma Machuca-Gayet,'+ 
Dagmar Srutkova,” Petra Hermanova,” Maria Elena Martino,’ Severine Balmand,* 
Tomas Hudcovic,” Abdelaziz Heddi,* Jennifer Rieusset,? Hana Kozakova,” 


Hubert Vidal,” Francois Leulier™* 


In most animal species, juvenile growth is marked by an exponential gain in body weight 
and size. Here we show that the microbiota of infant mice sustains both weight gain and 
longitudinal growth when mice are fed a standard laboratory mouse diet or a nutritionally 
depleted diet. We found that the intestinal microbiota interacts with the somatotropic 
hormone axis to drive systemic growth. Using monocolonized mouse models, we showed 
that selected lactobacilli promoted juvenile growth in a strain-dependent manner that 
recapitulated the microbiota's effect on growth and the somatotropic axis. These findings 
show that the host's microbiota supports juvenile growth. Moreover, we discovered that 
lactobacilli strains buffered the adverse effects of chronic undernutrition on the postnatal 


growth of germ-free mice. 


uring the juvenile growth period, the gain 
in animal body size varies widely as a re- 
sult of the interactions between nutrition- 
al input and the organism’s hormonal cues. 
In mammals, postnatal growth is controlled 
by the activity of the somatotropic axis (fig. S1), in 
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which growth hormone (GH) instructs the liver 
and peripheral tissues to produce insulin-like 
growth factor-1 (IGF-1), to promote organ and 
systemic growth (/-3). Chronic undernutrition 
triggers a state of GH resistance (4, 5) that leads 
to stunting, and juveniles become small and thin 
(6). Acute malnutrition, in contrast, causes wasting, 
defined as severe weight loss and mediated in 
part through the disruption of the gut microbiota 
(7). However, the contribution of the gut micro- 
biota to normal postnatal growth and its influ- 
ence on the activity of the somatotropic axis 
during chronic undernutrition remain unknown. 

To address this question, we first compared 
the growth parameters of wild-type (WT) and 
germ-free (GF) infant male mice fed a standard 
breeding diet (25% proteins, 9% fats; table S1) 
until young adulthood (8 weeks old, Fig. 1 and 
fig. S2). After weaning, the GF and WT animals 
ingested similar amounts of food relative to body 
weight (fig. S3), yet at 8 weeks of age, GF mice 
weighed 14.5% less and were 4% shorter than 


WT mice (Fig. 1, A and C; fig. S2, A and B; and 
table S2). These growth differences were most 
pronounced after weaning (Fig. 1, A to D, and fig. 
$2, C and D). Thus, with a standard breeding diet, 
the gut microbiota ensures optimal weight gain 
and longitudinal growth, especially around wean- 
ing. Remarkably, the 17% weight gain seen in WT 
animals (fig. S2A and table $2) was not a con- 
sequence of increased adiposity. The epididymal 
fat pads and adipocyte size of WT and GF males 
remained similar (fig. S4, A to D). Likewise, levels 
of leptin, a circulating marker of fat stores (8), 
were similar in the sera of WT and GF animals 
(fig. S4E). However, the weight gain of the organs 
of WT animals was greater than that of GF mice 
(fig. S2E and table S2), confirming that a WT mi- 
crobiota is associated with optimal systemic so- 
matic growth. This contrasts with the increased 
adiposity that results from subtherapeutic anti- 
biotic treatments in infant mice that is apparently 
caused by disrupting the gut microbiota commu- 
nity (9, 10). WT animals were 4% longer (fig. S2B 
and table $2), indicating that the microbiota also 
influences skeletal growth. Bone growth param- 
eters, including femur length, cortical thickness, 
cortical bone fraction, and the trabecular fraction 
of the femur (Fig. 1, E and F; fig. $2, F to I; and 
table S2) were all reduced in GF animals, although 
cortical bone mineral density (BMD) was un- 
affected (fig. S2J). Previously, Sjogren et al. showed 
that trabecular BMD was increased in GF ani- 
mals relative to their WT siblings (77). However, 
that study was conducted on females of a differ- 
ent genetic background than ours. Nevertheless, 
taken together, our results show that the gut mi- 
crobiota sustains postnatal somatic tissue growth, 
leading to increased mass gain and enhanced 
longitudinal growth. 

Postnatal systemic growth is mainly driven by 
the activity of the somatotropic axis (J-3), where 
the pituitary gland produces GH, which induces the 
production of IGF-1. The liver is the major source of 
circulating IGF-1 and together with IGF-1 binding 
protein-3 (IGFBP-3) serves as an endocrine deter- 
minant of somatic growth (3, 12, 13) (fig. S1). In 
addition, IGF-1 is produced by peripheral tis- 
sues, including muscles, and acts to promote tis- 
sue growth in an autocrine/paracrine manner 
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(14) (fig. S1). We therefore measured circulating 
levels of GH and IGF-1, the major components of 
this axis (3, 15, 16), in the sera of WT and GF 
animals. GH levels peaked around birth and 
gradually declined during postnatal growth in 
both WT and GF animals (Fig. 2A). IGF-1 titers 
were significantly reduced in GF animals (Fig. 
2B), as were the circulating levels of IGFBP-3 in 
sera (17) (Fig. 2C). In addition, Jgf1 expression 
was reduced in muscles of GF animals at both 
28 and 56 days (fig. S5, A and B). In the liver, 
both Jgf1 and [gfbp3 expression were reduced in 
GF mice at 28 days (Fig. 2, D and E), at the same 
time that IGF-1 circulating titers peaked in WT 
animals (Fig. 2B). Likewise, the phosphorylation 
of Akt at Ser 473 (phospho-S473-Akt), a marker 
of IGF-1 receptor (IGF-IR) signaling activity (18) 
(fig. SI), was reduced in the liver of GF animals as 
compared to WT animals both at 28 (Fig. 2F) 
and 56 days (fig. S5C). 
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To assess the importance of IGF-1 levels in 
mediating postnatal growth dynamics, we re- 
peatedly injected GF and WT animals with re- 
combinant IGF-1 (rIGF-1) for 10 days after weaning 
and analyzed their growth parameters. GF animals 
significantly increased their weight, as well as body 
and femur length, over the treatment period (fig. 
S5, D to G). Injections of rIGF-1 into WT animals 
did not promote growth (fig. $5, D to F), even 
though they modulated two established markers 
of IGF-1 activity: reduced glycemia and increased 
phospho-S473-Akt signals in the liver (fig. $5, H 
and I). In GF mice, IGF-1 levels in sera were re- 
duced compared to those in WT mice despite 
normal circulating GH levels, and an exogenous 
supply of rIGF-1 was sufficient to enhance growth 
to levels seen in WT animals (fig. S5, D, E, and G). 
We thus concluded that the microbiota promoted 
growth by facilitating IGF-1 production and ac- 
tivity. To further test this hypothesis, we treated 


“FT tani 28 42 56 


Day after birth 


WT animals with the cyclolignan compound pic- 
ropodophyllin (PPP), a specific noncompetitive 
inhibitor of IGF-1R (79, 20), for 10 days. The PPP 
treatment significantly retarded the growth gains 
expected of WT animals (Fig. 4, D to F) and de- 
creased the rIGF-1-mediated impact on phospho- 
S473-Akt signals in the liver and glycemia dynamics 
(fig. S8, J and K). These results established that 
IGF-1 activity is necessary for growth in WT 
animals. Together, our data show that the gut 
microbiota influences the production and activ- 
ity of IGF-1 required for postnatal growth. 

We then tested the effects of chronic under- 
nutrition on, and the contribution of the gut 
microbiota to, postnatal growth. To this end, 
we weaned GF and WT juveniles onto a nutri- 
tionally depleted diet low in proteins (8.6%), fats 
(2.4%), and vitamins (table S1) and monitored 
their growth until 8 weeks of age (Fig. 3). During 
the week of adaptation to solid food, both GF and 


Fig. 1. The microbiota maintains mouse juvenile growth. (A to D) Weight (A) and body length (C) growth curves during the juvenile period (day 7 to day 56 
after birth) and daily weight (B) and body size (D) gains after weaning (day 21 to day 56) of WT (gray) (n = 16) and GF (green) (n = 12) infant male mice bred with 
their mothers from birth until day 21, weaned, and then fed a breeding diet from 21 to 56 days old. (E) Photograph of representative femur bones at day 
56. (F) Three-dimensional reconstructions of representative distal parts of femur bones at day 56. Error bars indicate SEM. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. 
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Fig. 2. The microbiota maintains systemic somatotropic axis activity. (A to C) Levels of GH (A), IGF-1 (B), and IGFBP-3 (C) in sera of WT (gray) and GF 
(green) mice at given time points after birth, n = 5 mice per group. (D to F) Expression levels of /gfl (D) and /gfbp3 in liver (E) at day 28 after birth (n = 5or 6 mice 
per group). (F) Western blots and quantification of phospho-S473-Akt in liver of WT and GF mice (n = 5 or 6 mice per group) at day 28 after birth . Representative 
blots of three mice per group are shown. Data are presented as means + SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001. 
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WT animals lost weight, yet weight loss was 
more extensive in GF animals (fig. S6C). After 
adaptation to solid food, the growth of GF ani- 
mals was arrested, whereas WT animals resumed 
growth and recovered weight and longitudinal 
growth (Fig. 3, A to C, and fig. S6, A to E), albeit to 
a lesser extent than those on the breeding diet. 
The stunted phenotype of GF animals was not the 
result of an alteration of the GF animals’ food 
intake relative to their body weight (fig. S7, A to D) 
nor of an altered capacity to absorb energy from 
the diet (fig. S7E). We conclude therefore that the 
gut microbiota contributes to maintaining mouse 
juvenile growth during chronic undernutrition. 
We then analyzed how the gut microbiota in- 
fluences the somatotropic axis during under- 
nutrition (Fig. 4). We quantified GH, IGF-1, and 
IGFBP-3 levels in GF and WT animals after 
weaning onto the depleted diet. At 28 days, GH 
levels were elevated in GF animals as compared 
with WT animals, whereas at 56 days, GF ani- 
mals displayed reduced circulating levels of GH, 
similar to WT animals (Fig. 4A). In contrast to 
WT animals, both IGF-1 and IGFBP-3 circulating 
levels failed to peak at 56 days in GF animals 
(Fig. 4, B and C). In muscle at 28 days (7 days 
after weaning onto the depleted diet), the ex- 
pression of both GH-receptor (Ghr) and Igf1 in 
WT animals was elevated compared to that in GF 
animals (fig. S8, A and B). Further, Socs3, a 
transcriptional target of GHR signaling (21) (fig. 
$1), was also increased in WT muscles (fig. S8C). 
In the liver at 28 days, Gar expression was in- 
creased in WT animals as compared with GF 
counterparts (fig. S8D). At 56 days, circulating 
titers of IGF-1 (Fig. 4B), along with Jg/7 expres- 
sion in the muscles and liver (fig. S8, E and F), 
increased; [g/bp3 and Socs3 expression (fig. S8, G 
and H) and the phospho-S473-Akt signal were 
also increased in the liver of WT animals (fig. 
S8I). Collectively, these results indicate a reduced 
activity of the somatotropic axis in GF animals. 
Next, we repeatedly injected 28-day-old WT ani- 
mals weaned on the depleted diet with the PPP 
compound for 10 days and monitored their 
growth. We observed that PPP-treated animals 
had reduced weight, body length, and femur 
length gains over the treatment period as com- 
pared with untreated mice (Fig. 4, D to G). Taken 
together, these results indicate that during under- 
nutrition, the gut microbiota helps to maintain 
systemic somatotropic axis activity and that this 
activity does result in some postnatal growth. 
We have previously showed that gut microbiota 
promote Drosophila juvenile growth during under- 
nutrition (22). Furthermore, monoassociation of 
GF Drosophila with selected lactobacilli strains 
recapitulates the growth promotion seen when a 
more complex microbiota is present (22). Lacto- 
bacilli strains are commensal in a variety of ani- 
mals, including Drosophila and mammals (23, 24). 
These taxa also share evolutionarily conserved 
nutrient-sensing endocrine pathways that regu- 
late juvenile growth (i.e, Drosophila insulin/IGF- 
like peptides and mammalian IGFs) (25). We 
thus tested the functional potential of specific 
lactobacilli strains on murine juvenile growth and 
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Fig. 3. The microbiota and a L. plantarum strain maintain mouse juvenile growth upon undernutrition. 
(A to C) Weight (A) and body length (C) growth curves of WT (n = 12 and 15, black lines), GF (n = 12 and 
20, gray lines), Lp" (n = 8 and 28, red line), and Lp‘’29°877 (n = 12 and 15, blue line) monocolonized 
male mice on breeding (triangles and dashed lines) or nutritionally depleted (circles and solid lines) diets. (B) 
Representative photographs of mice on depleted diet at day 56 after birth. (D). Photographs of repre- 
sentative femur bones at day 56 after birth of GF, WT, Lp™“., and Lp9°5’7-associated mice raised on the 


depleted diet. 


the somatotropic axis during undernutrition. Two 
Lactobacillus plantarum strains that display dif- 
ferent growth-promoting capacities in Drosophila 
monocolonized models were selected for mono- 
association experiments in GF mice. Using mono- 
colonized Drosophila, we identified L. plantarum” 
(Lp™”") as a potent growth promoter, whereas 
L. plantarum’“087 (LpX”0?877) showed a sta- 
tistically less pronounced effect on Drosophila 
growth (fig. S9). We then monitored postnatal 
growth of monocolonized infant male mice with 
Lp” and Lp @028r7 strains. These mice were 
obtained after monocolonizing GF adult mice of 
both sexes with the Lp” or Lp”“°5” strains; 
monocolonized adults were mated 20 days after 
colonization, and groups of six offspring were 
nursed by their monocolonized dam and natu- 
rally colonized by the respective Lactobacillus 
strain acquired from the dam. Lactating mice 
and their pups were maintained on the breeding 
diet. Twenty-one days after birth, the juveniles 
were weaned on either the breeding or the de- 
pleted diet (fig. S10). On the depleted diet, al- 
though both Lp” and Lp’™°"5” juveniles gained 
more weight (+52% and +27% respectively; Fig. 
3, Aand B; fig. S6, A to D; and table S2) and body 
length (+14% and +8% respectively; Fig. 3, B and 
C; fig. S6E; and table S2) as compared with GF 


animals, the Lp”””-associated animals grew better 


(+25% weight and +6% length) than Lp'70?877. 
associated animals (Fig. 3, A to C, and fig. S6, A 
to E). The quantitative difference between the 
two strains was not a result of differences in food 
intake relative to body weight (fig. S7, A to D), 
differential capacity to absorb energy from the 
diet (fig. S7E), or a marked difference in the ef- 
ficiency of bacterial colonization of the intestinal 
tract (fig. $7, F to H). Lp’”-colonized animals 
showed a 14% body length gain when compared 
to GF animals, whereas Lp””°?5”"associated ani- 
mals gained only 8% (fig. S6E and table S2). Sim- 
ilarly, bone growth such as femur length was 
differentially affected (Fig. 3D, fig. S6F, and 
table S2), indicating that the growth benefit de- 
pends on the strain of L. plantarum. In terms 
of weight gain, on the depleted diet, WT animals 
were 53% heavier than GF animals (fig. S6D and 
table S2). Lp”"-colonized animals showed a 
52% weight gain, whereas Lp””°?5””associated 
animals only showed 27% weight gain (fig. S6D 
and table S2). A similar effect was observed in all 
organs tested (fig. S6, G to J, and table S2). Col- 
lectively, the data show that during postnatal 
growth, selected lactobacilli strains can recapit- 
ulate the effect of a WT microbiota on mouse 
juvenile growth that would otherwise be stunted 
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Fig. 4. The microbiota and a L. plantarum strain maintain somatotropic axis activity upon under- 
nutrition. (A to C) Levels of GH (A), IGF-1 (B), and IGFBP-3 (C) in sera of GF (white), WT (black), Lp 
(red), and Lp™!7°7877-(blue) colonized mice at day 28 (n = 5 or 6 mice per group) and day 56 (n = 15 mice 
per group) after birth. (D to G) Weight gain (D), body length gain (E), and femur length [(F) and (G)] of WT 
mice weaned at day 21 on the breeding (gray bars) or depleted (black bars) diets and treated with DMSO or 
the IGF-1R inhibitor PPP (cross-hatched bars) for 10 days (n = 3 or 4 mice per group). Data are presented 


as means + SEM. **P < 0.01, ***P < 0.001. 


by undernutrition. Strain-dependent promotion 
of juvenile growth and IGF-1 titers were not 
restricted to undernourished mice but were 
also observed with those fed the breeding diet 
(Fig. 3, A to C, and fig. S6, A to F, and K). 

We observed that Lp™*- and LpN#0?877. 
colonized animals differed in their ability to sus- 
tain somatotropic axis activity. Lp"”’”-colonized 
mice largely recapitulated the growth features of 
WT animals, but Lp’””°?8"7_colonized animals 
had either an intermediate or similar response to 
that of the GF animals (Fig. 4, A to C). By 56 days, 
the GH titers of WT animals fed on the depleted 
diet were comparable to those observed in WT 
animals raised on the breeding diet. However, the 
IGF-1 titers of these mice had dwindled by more 
than sevenfold (compare Fig. 2, A and B, and 
Fig. 4, A and B), confirming that chronic under- 
nutrition affects the activity of the GH/IGF-1 axis 
(4). Furthermore, although GH titers of GF and 
Lp™!#°877_associated animals at 28 days were 
elevated, they failed to elicit adequate tissue re- 
sponses, implying that the activity of the soma- 
totropic axis is impaired in GF juveniles and 
that their tissues are in a state of GH resistance. 
We hypothesized that reduced GH sensitivity is 
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less severe in WT and Lp™”-associated animals 


but remains in Lp”“°?8”-associated animals. To 
directly test this hypothesis, we injected 28-day- 
old GF, WT, Lp”. and Lp®”°?877 associated 
animals weaned on the depleted diet with re- 
combinant GH (rGH) and assayed the activation 
of the GHR signaling pathway in their liver. We 
examined the phosphorylation of Tyr of STAT5a 
and Tyr®® of STAT5b, which are direct signa- 
tures of GHR signaling activity (26, 27) (fig. 
$1). GF and Lp’””°?5colonized animals were 
less sensitive to rGH injection than WT and Lp”””- 
colonized animals (fig. S11). Our data showed that 
the microbiota is necessary and that a selected 
lactobacillus strain is sufficient to partly abro- 
gate the GH resistance of peripheral tissues caused 
by chronic undernutrition. 

Our study shows that GF infant mice enter a 
GH-resistant state upon chronic undernutrition, 
and a WT microbiota is necessary and sufficient 
to boost postnatal growth by enhancing GH 
sensitivity and thereby increasing IGF-1 activity 
in peripheral tissues. In addition, this study 
establishes that a selected strain of L. planta- 
rum can recapitulate the beneficial effects of 
the microbiota on the somatotropic axis and on 


mouse juvenile growth, a functionality that may 
be shared with other commensal bacteria in 
the microbiota. We envision that, together with 
nutritional therapy, microbial interventions using 
selected bacterial strains may represent a novel 
and complementary strategy to buffer the ad- 
verse effects of chronic undernutrition on human 
postnatal growth, which still affects more than 
160 million of children below 5 years of age in 
low- and middle-income countries (28). 
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MUCOSAL IMMUNOLOGY 


Dietary antigens limit mucosal 
immunity by inducing regulatory 
T cells in the small intestine 


Kwang Soon Kim,*” Sung-Wook Hong,” Daehee Han,’” Jaeu Yi,” Jisun Jung,»” 
Bo-Gie Yang,”” Jun Young Lee,”” Minji Lee,” Charles D. Surh®”’?* 


Dietary antigens are normally rendered nonimmunogenic through a poorly understood 
“oral tolerance” mechanism that involves immunosuppressive regulatory T (Treg) cells, 
especially Teg cells induced from conventional T cells in the periphery (pTyeg cells). 
Although orally introducing nominal protein antigens is known to induce such PTreg 
cells, whether a typical diet induces a population of pT-eg cells under normal conditions 
thus far has been unknown. By using germ-free mice raised and bred on an elemental 
diet devoid of dietary antigens, we demonstrated that under normal conditions, the vast 
majority of the small intestinal pT,.g cells are induced by dietary antigens from solid 
foods. Moreover, these pTreg cells have a limited life span, are distinguishable from 
microbiota-induced pTreg cells, and repress underlying strong immunity to ingested 


protein antigens. 


he ingestion of certain foods can trigger 
an immune reaction, ranging from mild 
allergy to anaphylaxis, in a fraction of the 
population. How dietary antigens (Ags) 
are normally rendered nonimmunogenic 
through oral tolerance is poorly understood, but 
it is known to require the participation of regula- 
tory T (Tyee) cells expressing the transcription factor 
Foxp3 (J, 2). Two types of Foxp3” CD4* Treg cells 
exist: the thymic Tyeg (tTyeg) cells that develop from 
hematopoietic progenitors in the thymus, and the 
peripheral T,.. (pTyeg) cells that develop extra- 
thymically from conventional T cells (3-6). 
PTyeg cells are abundant in the intestine but 
not in the secondary lymphoid tissues (7), im- 
plying that pT,.. cells develop in response to 
enteric Ags derived from the commensal micro- 
biota and/or food. In the colon, the intestinal 
microbes induce the development of pTyeg cells, 
and these cells are depleted in germ-free (GF) 
mice (7-9). However, GF mice possess normal 
numbers of pT,,g cells in the small intestine (7), 
the origin of which has yet to be documented. 
Oral administration of a nominal protein Ag 
under experimental conditions can induce a 
fraction of Ag-specific CD4* T cells to differenti- 
ate into pT, g cells (0), but whether pT, cells 
are generated in response to a typical diet thus 
far has been unknown. To address this, we studied 
the effect of depleting dietary Ags by raising mice 
on a chemically defined elemental diet devoid of 
macromolecules. We derived such Ag-free (AF) 
mice by producing offspring from GF mice that 
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were weaned onto and subsequently raised on 
the elemental Ag-free diet (table S1) (1D). 

Young adult AF C57BL/6 (B6) mice appeared 
healthy, were similar in size and weight, and 
possessed comparable serum biochemical and 
metabolic markers, except for moderately low lev- 
els of vitamin A and D, albeit within the accept- 
able +100% range relative to those of specific 
pathogen-free (SPF) and GF B6 mice (fig. S1). As 
previously reported (12, 13), AF mice had lower 
serum immunoglobulins, normal-sized spleens, 
and lower lymphocyte counts in the small intes- 
tinal lamina propria (siLP), but not in the colonic 
lamina propria (CLP), relative to SPF mice (fig. S2). 
The hypocellularity in the siLP was particularly 
pronounced for CD4* T cells because of the de- 
pletion of memory-phenotype (CD44" CD62L*) 
cells, including Tbet* cells (Fig. 1, A and B, and 
fig. S4); CD4* T cell counts in the cLP were nor- 
mal, but memory-phenotype CD4* T cells were 
significantly decreased, as in GF mice (figs. S3 
and S4). These phenotypes suggest that local ac- 
tivation of CD4* T cells in the small intestine is 
driven mainly by dietary Ags, whereas in the co- 
lon it is induced by the microbiota. 

Foxp3* CD4* T,.g cell counts in adult AF B6 
mice were also normal in the periphery but 
much reduced in the intestine compared with 
those of SPF mice. In the cLP, AF mice resembled 
GF mice and possessed about half the percent- 
ages and total numbers of T,,., cells relative to 
SPF mice (Fig. 1C and fig. S5B). In the siLP of AF 
mice, despite higher percentages, total numbers 
Of Tyeg cells were about one-fifth those of GF and 
SPF mice (Fig. 1, C and D). To distinguish be- 
tween tT, and pTy., cell subsets, the expres- 
sion of neuropilin-1 (Nrp-1) was analyzed. As 
reported previously (7), PTyeg cells expressing 
little Nrp-1 (Nrp-1'° ) were largely absent in the 
spleen and lymph nodes but made up 50 to 70% 
Of Tyeg cells in the siLP and cLP in SPF mice; in 


GF mice, pT, cells were rare in the cLP but 
prominent in the siLP (Fig. 1E). In contrast, in AF 
mice, Nrp-1° pTyeg cells were depleted in both 
the siLP and cLP (Fig. 1E). Intestinal Nrp-1° Plreg 
cells in SPF mice, but not the few remaining in AF 
mice, also expressed higher levels of CTLA-4 and 
the cytokine interleukin (IL)-10 than Nrp-1! tres 
cells did (figs. S6 and $7). IL-10* Foxp3” CD4* 
cells, which were presumably type 1 regulatory 
T (T,D cells, were present in low numbers in the 
gut of SPF but not of GF and AF mice, and T,1 
cells expressed lower levels of IL-10 than did 
Foxp3* Treg cells (fig. $7, A and B). Together, 
these results indicate that dietary Ags induce 
the development of most of pT, ¢g cells in the siLP 
under normal conditions, and pTyeg cells appear 
more essential than T,1 or tT,,.. cells in regulating 
immune responses to dietary Ags. 

To assess the relative contributions of milk 
versus solid-food Ags in inducing the develop- 
ment of intestinal pT,,., cells, neonatal and adult 
mice were examined. pT,¢g cells in the siLP were 
sparse before weaning in AF, GF, and SPF B6 
mice but became prominent shortly after wean- 
ing these mice onto a normal chow diet (Fig. 2A 
and fig. S8). Furthermore, the deprivation of die- 
tary Ags, accomplished by weaning neonatal GF 
mice onto the Ag-free diet or onto an “amino 
acid” diet that was devoid of proteins, prevented 
efficient development of pT,, cells in the siLP 
(Fig. 2, B and C); in addition, unlike regular AF 
mice, these mice had normal levels of serum 
vitamin A, which promotes the generation of 
pTyeg cells through its metabolite retinoic acid 
(fig. S9, A and B) (74, 15). Moreover, the adminis- 
tration of retinoic acid to adult AF mice did not 
result in the emergence of siLP pTyeg cells (fig. 
S9C). Hence, the majority of pT,., cells in the 
siLP develop in response to Ags derived from 
proteins in a solid-food diet. As expected, siLP 
PT reg cells underwent rapid turnover and had a 
short life span when deprived of food Ags. Thus, 
when adult (8-week-old) GF mice were placed on 
the Ag-free diet, the fraction of siLP pT,¢g cells 
decreased considerably (by ~40%) after ~4 weeks 
(Fig. 2D). These results indicate that pT,., cells 
in the siLP are continuously generated and re- 
placed in response to dietary Ags, with a half- 
life of 4 to 6 weeks. 

In addition to dietary Ags, commensal micro- 
bial Ags presumably contribute to the genera- 
tion of pT,eg cells in the siLP. To determine 
whether such pTyeg cells can be selectively iden- 
tified, we examined the expression of RAR (reti- 
noic acid receptor)-related orphan receptor gamma 
t (RORyt), which is expressed by lymphocytes 
that interact with microbes (16). As previously 
reported (17), in SPF B6 mice, RORyt* T;eg cells 
were present in the siLP and cLP, mostly as 
Nrp-1° PTyeg cells (Fig. 3, A and B). In contrast, 
RORyt* Tyeg cells were almost undetectable in 
GF and AF B6 mice (Fig. 3, A and B); RORyt* 
CD4* conventional T cells were similarly absent 
(fig. S10, A and B). The gut RORyt* Tyeg cells 
rapidly appeared in GF mice after convention- 
alization (fig. S10, C and D). Moreover, treatment 
of SPF mice with a cocktail of antibiotics for 4 
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weeks from the time of weaning led to a de- 
pletion of RORyt* pTyeg cells in the siLP and cLP, 
without affecting the generation of RORyt" pTyeg 
cells (Fig. 3C). In addition, weaning SPF mice 
onto the Ag-free diet or an amino acid diet caused 
a severe reduction of Nrp-1° PTreg cells in the 
siLP, mostly due to a depletion of RORyt™ pTyeg 
cells (Fig. 3D and fig. S11). The bacterial load, but 
not the composition, in the feces of SPF mice that 
were weaned onto the Ag-free diet was relatively 
normal (fig. S12). Collectively, these findings add 
to recent reports (78, 19) by showing that whereas 
RORyt* pTyeg cells are induced by commensal 
microbiota, RORyt’ pTy.g cells are driven by die- 
tary Ags. 

We next examined the dendritic cell (DC) sub- 
sets in the intestines of AF mice. Unexpectedly, 
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the siLP of AF mice contained a ~40% lower 
representation of the CD103* CD11b* subset that 
promotes pT, cell development (J4, 20) and 
about three times the proportion of the CD103* 
CD11b™ subset, relative to SPF and GF mice, 
resembling conventional splenic DCs (fig. $13, A 
to C) (21). However, such a skewed DC composition 
only partially explains the paucity of pT... cells in 
the intestines of AF mice. This is because a nor- 
mal DC subset composition was found in the 
mesenteric lymph nodes of AF mice, which are 
the induction sites of pT, cell development; 
moreover, purified CD103* CD11b* DCs from the 
siLP of AF mice were able to efficiently stimu- 
late T cells (fig. $14, A and B) and induce up- 
regulation of Foxp3 in OT-II cells under in vitro 
conditions (fig. S14, C and D). Furthermore, 


B gated on CD4* T cells (siLP) 
SPF GF 


weaning neonatal AF or GF mice, which also 
possess the skewed DC subsets (fig. S13D), onto 
a chow diet led to the normalization of DC sub- 
sets within 1 week (fig. S13, D and E) and efficient 
development of pT,g cells within 2 weeks in the 
siLP (Fig. 2A). Lastly, siLP pTyeg cells from neo- 
natal AF mice weaned onto a chow diet exhibited 
~50% demethylation at the CNS2 regions of the 
Foxp3 locus (fig. $15), indicative of stable Foxp3 
expression, as previously reported (7, 22). 
Despite the deficiency in siLP pT, .¢ cells, B6 
SPF or GF neonatal mice do not develop food 
allergies when they are weaned onto a chow diet. 
This could be due to various anti-inflammatory 
proteins in milk (23), such as immunoglobulins, 
transforming growth factor (TGF)-f, osteopon- 
tin, and lactadherin, which could ameliorate 
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Fig. 1. Depletion of macromolecules from the diet precludes the devel- 
opment of pTreg cells in the small intestine. Shown are comparisons of 
T cell populations from the siLP and cLP harvested from aged-matched young 
adult (6- to 10-week-old) SPF, GF, and AF B6 mice. (A) CD4* T cells from the 
siLP expressed as percentages of lymphocytes (left) and total numbers 
(right). (B) Representative fluorescence-activated cell sorting (FACS) plots of 
CD44 versus CD62L (numbers in the boxes indicate percentages of cells 
in the gate), with a graph of the percentages of CD44" CD62L" cells among 
the siLP CD4* T cells. (C) Representative FACS plots of CD4 versus Foxp3 on 
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gated CD4* Tcells from the spleen (SPL), siLP, and cLP. (D) Foxp3* CD4* T cells 
from the siLP are expressed as percentages of lymphocytes (left) and total 
numbers (right). (E) Representative histograms of Nrp-1 expression, with a 
graph of the percentages of Nrp-l'° cells among gated Foxp3* CD4* T cells 
from the SPL, mesenteric lymph node (mLN), siLP and cLP. At least four in- 
dependent experiments had similar results. Graphs in (A), (B), and (D) show 
pooled data points from four independent experiments. P values were deter- 
mined by one-way analysis of variance (ANOVA) with the Bonferroni post-test. 
Error bars show SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. 
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the allergic response. We therefore examined 
the effect of feeding adult B6 AF mice a sterile 
chow diet; this failed to induce any gross sign 
of intestinal pathology. However, the initial local 
immune response to dietary Ags could be vig- 
orous because of the absence of pTyeg cells and 
the increased numbers of siLP CD103* CDI1b™ 
DCs. Hence, we adoptively transferred ov- 
albumin (OVA)-specific naive OT-II CD4* T cells 
into adult AF mice and then gave them OVA 
orally. Examination on day 7 revealed that OT-II 
cells in the siLP of AF mice expanded ~50 and 
7 times as much as in control SPF and GF mice, 
respectively (Fig. 4A). Moreover, whereas the 
majority (~60%) of expanded OT-II cells up- 
regulated Foxp3 in SPF and GF mice, only ~30% 


of OT-II cells up-regulated Foxp3 in AF mice 
(Fig. 4B). 

The expanded OT-II cells in AF mice, some of 
which could be due to homeostatic proliferation, 
readily differentiated into Tbet* T helper 1 (Ty) 
cells, leading to the generation of ~400 or ~14 
times as many Ty] cells as in SPF or GF mice, 
respectively; a similar trend, at smaller magni- 
tudes, applied to interferon-y* OT-II cells (Fig. 
4C and fig. S16A). Moreover, the relative ratio of 
Tyeg to T,1 OT-II cell generation in AF mice was 
one-twentieth that in SPF mice (fig. S16B). Un- 
like the T,,1 response, T;,2 and T;,17 responses in 
AF hosts were comparable to that in control SPF 
hosts. Hence, whereas GF hosts had increased 
T,2 responses to OVA, AF hosts possessed only 


Fig. 2. The bulk of small intestinal pT,., cells develop 
when solid food is introduced and have a relatively 
short life span. (A to C) Analysis of Nrp-1 expression on 
gated Foxp3* CD4* T cells from the siLP and cLP of neonatal 
(3-week-old) GF and AF B6 mice, before and after weaning 
onto a specific diet. Shown are representative histograms of 
Nrp-1 expression, with graphs of the percentages of Nrp-1'° 
cells on gated Foxp3* CD4* T cells (A) from the siLP of 
neonatal GF and AF mice before and 4 and 8 weeks after 
weaning onto a sterile chow diet (CD), (B) from the indi- 
cated tissues of neonatal GF mice 2 and 4 weeks after 
weaning onto the Ag-free or sterile chow diet, and (C) from 
the indicated tissues of GF mice 3 weeks after weaning 
onto a sterile chow diet or an amino acid diet devoid of 
proteins. (D) Adult (8-week-old) GF mice were fed with the 
Ag-free diet (AFD) for 2 and 4 weeks, and Nrp-1 expression 
on siLP and cLP Foxp3* CD4* T cells was examined. Rep- 
resentative histograms of Nrp-1 expression (left) and graphs 
of percentages and numbers 
(right) of Nrp-1'° Foxp3* CD4* 
Tcells are shown. Graphs in (A), 
(B), and (D) show combined 
data points from two indepen- 
dent experiments. The graph 
in (C) is representative of two 
independent experiments. P 
values were determined by 
two-tailed unpaired Student's 
t tests [(B) and (C)] and one- 
way ANOVA with the Bonferroni 
post-test (D). Error bars show 
SEM. *P < 0.05; **P < 0.01; 
***P < 0.001. 
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background levels of OVA-specific and total serum 
immunoglobulin E (IgE), a minimal number of 
GATA3* OT-II cells, and a similarly moderate 
percentage of RORyt* OT-II cells as that observed 
in control SPF hosts (Fig. 4D and fig. S16, C to F). 
As expected, Foxp3* OT-II cells in AF hosts were 
mostly Nrp-1° PTyeg cells and expressed higher 
levels of CTLA-4 and IL-10 than host T,,¢ cells, 
which were mostly tT,.. cells (fig. S17, A to C). 
Unexpectedly, the majority of Foxp3* OT-II cells 
were RORyt" (fig. S16, E and F), indicating that 
dietary proteins can induce the development of 
RORyt* pTyeg cells from a fraction of the T cell 
repertoire in the absence of the commensal mi- 
crobiota. Nonetheless, the major characteristics of 
the OT-II response observed in the siLP of AF 
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hosts were also evident in the mesenteric lymph 
nodes, but not in the spleen, indicating that the 
pronounced OVA-driven OT-II cell response in AF 
mice is restricted to the gut-associated lymphoid 
tissues. The massive OT-II response in AF hosts 
also was not due to more efficient Ag presenta- 
tion of OVA related to a lack of competition from 
other proteins or low vitamin A levels, because 
similar T cell expansion occurred in a group of 
AF mice that were fed with a sterilized chow diet 
just before introducing OVA or injected with ret- 
inoic acid during OVA feeding (fig. S18). Overall, 
these findings indicate that siLP pT,.. but not 
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tT eg cells are essential to suppressing a default 
strong immune response to newly introduced 
dietary Ags. 

Lastly, based on the OT-II response observed 
above, we tested whether food allergies can be 
induced in an experimental model. Hence, neo- 
natal SPF BALB/c mice were weaned onto an 
amino acid diet (because B6 mice are generally 
resistant to food allergies) and immunized with 
OVA. Two weeks later, repeated gavage with 
OVA led to a higher incidence and severity of 
diarrhea, with a trend toward higher OVA-specific 
serum IgE, in the amino acid diet-fed mice than 
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m Ag-free diet 


SPL mLN siLP cLP 


in control mice (Fig. 4E and fig. S19). Hence, the 
lack of pTyeg cells led to an increased susceptibility 
to OVA-induced intestinal allergy. 

Our work demonstrates that under normal 
physiological conditions, macromolecules from 
the diet induce the bulk of pTyeg cell development 
in the siLP, but not in the cLP. Most siLP pTyeg 
cells develop after weaning onto solid food, pre- 
sumably reflecting the limited antigenic com- 
plexity of milk, an immature state of the immune 
system in neonatal mice, and/or the presence of 
components exclusively found in solid food that 
boost pT; cell development. The expansion of 


Fig. 3. Under normal conditions, a subset of 
small intestinal pT,.g cells is induced to develop 
by the commensal microbiota and expresses 
RORyt. Shown are analyses of RORyt expression 
on gated Foxp3* CD4* T cells from the siLP and cLP 
of young adult SPF, GF, and AF B6 mice [(A) and 
(B)] or on SPF mice after treatment with antibiotics 
or after weaning onto an Ag-free diet [(C) and (D)]. 
(A) Representative histograms of RORyt expres- 
sion, with a graph of the percentages of RORyt* 
cells among gated Foxp3* CD4* T cells from the 
SPL, mLN, siLP, and cLP of SFP, GF, and AF mice. 
(B) Representative FACS plot of Nrp-1 versus RORyt 
on gated Foxp3* CD4* T cells from the indicated 
tissues and mice. (C and D) Representative FACS 
plots of Nrp-1 versus RORyt, with graphs of the per- 
centages of Nrp-l'° (left) and RORyt* cells (right) 
among Foxp3* CD4* T cells in the siLP and cLP of 
recently weaned SFP mice; the mice were given wa- 
ter with or without broad-spectrum antibiotics (ABX) 
(C) or a chow diet or Ag-free diet (D) for 4 weeks. 
The graph in (A) is representative of at least two 
independent experiments, and graphs in (C) and 
(D) show combined data points from two indepen- 
dent experiments. P values were determined by one- 
way ANOVA with the Bonferroni post-test in (A) and 
by two-tailed unpaired Student's t tests or t tests 
with Welch's correction in case of unequal variance 
in(C) and (D). Error bars show SEM. *P < 0.05; **P < 
0.01; ***P < 0.001. 
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Fig. 4. Conditions in which pTreg 
cells are depleted allow strong 


immune responses to dietary 
antigens and an increased sus- 
ceptibility to intestinal allergy. 
In (A) to (D), adult SPF, GF, and 

AF B6 mice (N = 4 per group) were 
adoptively transferred with Cell 
Trace Violet-labeled naive Thy1* 
OT-Il cells and fed with OVA for 

7 days; donor OT-II cells from the 
siLP were then analyzed along with B 
serum IgE specific to OVA. (A) OT-II 
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cells in representative FACS plots of 
all lymphocytes, with graphs of per- 
centages (left) and total numbers 
(right) of OT-II cells. (B) Foxp3 up- 
regulation in OT-II cells in represen- 
tative FACS plots of gated OT-II cells, 
with graphs of percentages (left) 
and total numbers (right) of Foxp3* 
OT-II cells. (C) Tbet up-regulation in 
OT-Il cells in representative FACS Cc 
plots of gated OT-II cells, with 
graphs of percentages (left) and 


gated on donor OT-II cells 


total numbers (right) of Tbet* 
Foxp3” OT-II cells. (D) Graphs of 
serum OVA-specific IgE (left) and 
percentages of GATA3* Foxp3” OT-II 
cells (right). (E) Neonatal SPF 
BALB/c mice were weaned onto a 
normal chow diet or an amino acid 
diet (AAD), immunized with OVA plus 
alum, rested for 2 weeks, gavaged 
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from at least two independent experiments. P values were determined by one-way [(A) to (D)] or two-way (E) ANOVA with the Bonferroni post-test. Error bars 


show SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 


siLP pT, ., cells after weaning appears to be es- 
sential to suppressing a default strong immune 
response to dietary Ags, supporting the view that 
PT reg cells are important for controlling mucosal 
inflammatory and allergic responses (6, 10, 24). 
The data could also explain why children suffer 
from a higher incidence of food allergies than 
adults do and why childhood allergies spontane- 
ously dissipate with time (25). Nevertheless, de- 
spite their lack of siLP pTyeg cells, most neonates 
do not exhibit food allergies. Such tolerance 
might reflect multiple mechanisms, including 
efficient pT,.. cell induction by the high levels of 
TGF-B in milk (23), compensatory suppression 
by tT,.¢ cells, and/or rapid generation of pTyeg 
cells induced by commensal microbial Ags. For 
the last of these, it is known that germ-free mice 
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spontaneously produce large amounts of IgE 
and that this can be prevented by colonization 
with a complex commensal microbiota (26, 27). 
Hence, the presence of both diet- and microbe- 
induced populations of pT,.. cells may be re- 
quired for complete tolerance to food Ags. 


REFERENCES AND NOTES 

1. H.L. Weiner, A. P. da Cunha, F. Quintana, H. Wu, /mmunol. Rev. 
241, 241-259 (2011). 

2. 0. Pabst, A. M. Mowat, Mucosal Immunol. 5, 232-239 


(2012). 

3. A.M. Bilate, J. J. Lafaille, Annu. Rev. Immunol. 30, 733-758 
(2012). 

4. K. Kretschmer et al., Nat. Immunol. 6, 1219-1227 
(2005). 


5. D. Mucida et al., J. Clin. Invest. 115, 1923-1933 (2005). 
D. Haribhai et al., Immunity 35, 109-122 (2011). 
7. J. M. Weiss et al., J. Exp. Med. 209, 1723-1742 (2012). 


a 


he 


SG & 


N 


Furusawa et al., Nature 504, 446-450 (2013). 


y: 
. N. Arpaia et al., Nature 504, 451-455 (2013). 
0. U. 
1, J. R. Pleasants, M. H. Johnson, B. S. Wostmann, 


Hadis et al., Immunity 34, 237-246 (2011). 


J. Nutr. 116, 1949-1964 (1986). 
. P. Pereira et al., Eur. J. Immunol. 16, 685-688 
(1986). 


3. B. S. Wostmann, J. R. Pleasants, Proc. Soc. Exp. 


Biol, Med, 198, 539-546 (1991). 


A. J. L. Coombes et al., J. Exp. Med. 204, 1757-1764 


(2007). 


5. D. Mucida et al., Science 317, 256-260 (2007). 
6. G. Eberl, Immunol. Rev. 245, 177-188 (2012). 
7. M. Lochner et al., J. Exp. Med. 205, 1381-1393 


(2008). 

. C. Ohnmacht et al., Science 349, 989-993 (2015). 

. E. Sefik et al., Science 349, 993-997 (2015). 

. C. M. Sun et al., J. Exp. Med. 204, 1775-1785 
(2007). 

. K. Fujimoto et al., J. Immunol. 186, 6287-6295 
(2011). 


sciencemag.org SCIENCE 


RESEARCH | REPORTS 


22. J. K. Polansky et al., Eur. J. Immunol. 38, 1654-1663 
(2008). 

23. D. E. Chatterton, D. N. Nguyen, S. B. Bering, P. T. Sangild, Int. 
J. Biochem. Cell Biol. 45, 1730-1747 (2013). 

24. S. Z. Josefowicz et al., Nature 482, 395-399 (2012). 

25. G. Longo, |. Berti, A. W. Burks, B. Krauss, E. Barbi, Lancet 382, 
1656-1664 (2013). 

26. J. Cahenzli, Y. Koller, M. Wyss, M. B. Geuking, K. D. McCoy, 
Cell Host Microbe 14, 559-570 (2013). 

27. K. D. McCoy et al., Immunity 24, 329-339 (2006). 


ACKNOWLEDGMENTS 


We thank A. Macpherson, K. McCoy, and D. Artis for generously 
providing various strains of germ-free mice to start our colony; 

T. K. Kim, J. W. Seo, M. O. Lee, H. J. Woo, H. J. Jung, H.J. Ko, 

J. Kirundi, S. Sakaguchi, and N. Ohkura for technical support; 

and J. Sprent, S. H. Im, M. H. Jang, D. Rudra, and J. H. Cho for 
discussions. The data from this study are tabulated in the main paper 
and in the supplementary materials. This work was supported by project 
IBS-ROO5-D1 of the Institute for Basic Science, Korean Ministry of 
Science, Information/Communication Technology and Future Planning. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/351/6275/858/supp|/DC1 
Materials and Methods 

Figs. S1 to S19 

Table S1 

References (28-32) 


14 May 2015; accepted 5 January 2016 
Published online 28 January 2016 
10.1126/science.aac5560 


ION CHANNELS 


Sequential ionic and conformational 
signaling by calcium channels 
drives neuronal gene expression 


Boxing Li,’* Michael R. Tadross,”**+ Richard W. Tsien’ 


Voltage-gated Cay1.2 channels (L-type calcium channel o1C subunits) are critical 
mediators of transcription-dependent neural plasticity. Whether these channels signal 
via the influx of calcium ion (Ca?*), voltage-dependent conformational change (VAC), or 
a combination of the two has thus far been equivocal. We fused Cayl.2 to a ligand-gated 
Ca?*-permeable channel, enabling independent control of localized Ca2* and VAC signals. 
This revealed an unexpected dual requirement: Ca2* must first mobilize actin-bound 
Ca?*/calmodulin-dependent protein kinase Il, freeing it for subsequent VAC-mediated 
accumulation. Neither signal alone sufficed to activate transcription. Signal order was 
crucial: Efficiency peaked when Ca** preceded VAC by 10 to 20 seconds. Cay1.2 VAC 
synergistically augmented signaling by N-methyl-p-aspartate receptors. Furthermore, VAC 
mistuning correlated with autistic symptoms in Timothy syndrome. Thus, nonionic VAC 
signaling is vital to the function of Cay1.2 in synaptic and neuropsychiatric processes. 


oltage-gated Cayl.2 channels (L-type cal- 

cium channel w1C subunits) play an impor- 

tant role in transcription-dependent forms 

of synaptic and homeostatic plasticity (1-6), 

and Cayl.2 alterations have been linked to 
severe neuropathologies (7, 8). The influx of Ca?* 
is required in Cay1.2-mediated transcription (4), 
but it remains unclear whether voltage-dependent 
conformational change (VAC) provides a neces- 
sary additional signal. There is precedence for 
VAC signaling: Cay1.1 uses only VAC to initiate 
skeletal-muscle contraction (9, 10). However, a 
signaling role for VAC has been difficult to es- 
tablish in excitation-transcription coupling, be- 
cause eliminating voltage-dependent opening of 
the channel also prevents Ca?* influx through the 
Cay [but see (77)]. 

We fused Cay1.2 to an adenosine triphosphate 
(ATP)-gated, Ca?*-permeable, tandem-trimeric 
P2X2 channel (ttP2X) (Fig. 1A). The ttP2X was 
used to provide Ca* influx independently of 
whether Cay1.2 was open or closed; the tethering 
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between the channels (Fig. 1A) localized ttP2X 
influx to the Cay1.2 nanodomain (72, 13). 

We confirmed the integrity of the chimeric 
protein and the functionality of its components 
(fig. S1). In human embryonic kidney (HEK) 293 
cells, the Ca* current appeared only at depolar- 
ized potentials in the absence of ATP (Fig. 1B, 
black u-shaped trace), as expected for a voltage- 
gated Cayl.2. On addition of ATP, the ttP2X 
portion of the chimera also supported Ca?* in- 
flux, evident as an additional inward current at 
negative potentials (Fig. 1B, gray trace). Cd?*, 
which blocks the Cay1.2 pore (J4) but not the open- 
ing of ttP2X, did not prevent the ttP2X-mediated 
entry of Ca?* (Fig. 1B, blue trace). We further 
validated the function of the chimeric compo- 
nents in cultured neurons, rendering the Cay1.2 
portion dihydropyridine-insensitive (DHPi) to 
enable its distinction from endogenous chan- 
nels (6) and confirming that ATP had no effect 
on untransfected neurons (fig. S1). Whereas ttP2X 
on its own distributed uniformly over the soma- 
todendritic surface, ttP2X fused to Cay1.2 formed 
puncta and signaled more potently (fig. S1), con- 
sistent with localization to signaling hotspots. 

These control experiments framed critical 
tests of the roles of Ca”* and VAC in signaling 
to nuclear CREB (cyclic adenosine monophos- 
phate response-element binding protein), a tran- 
scription factor that is critical in many forms of 


learning and memory (Fig. 1, D and E) (/, 2, 15). 
Providing Ca?* and VAC in combination via the 
depolarization of neurons (3 min of exposure to 
40 mM K* (40K*)] (Fig. 1C, black traces) in- 
creased the phosphorylation of nuclear CREB 
(pCREB) at Ser’ threefold (Fig. 1D, second row) 
(3-5). The pCREB response was abolished by 
Cd?* (Fig. 1D, third row), which prevents Cayl.2 
from conducting Ca** without affecting de- 
polarization (Fig. 1C, gray traces) or voltage- 
dependent gating (14); this confirms the known 
requirement for Ca”* influx in signaling to pCREB 
(4, 6, 13). Next, we rerouted Ca?* through the 
neighboring ttP2X by blocking the Cay1.2 pore 
with Cd?* and opening the ttP2X portion of the 
chimera with ATP. This generated depolariza- 
tions and increases in bulk Ca?* that were nearly 
identical to those achieved with 40K* (Fig. 1C, 
compare blue with black traces, and fig. S2, A 
and B) and increased pCREB to the same degree 
as 40K* (compare Fig. 1E, top row, with Fig. 1D, 
second row), confirming the utility of the chi- 
meric channel approach. 

We thus could use the chimera to determine 
whether localized Ca”* influx can drive CREB 
activation in the absence of VAC. In a first test, 
we provided the localized influx of Ca?* by means 
of ATP activation of the chimeric ttP2X, but we 
attenuated VAC signals through hyperpolariza- 
tion, which was achieved by coexpressing and 
activating an ivermectin-gated chloride channel 
(GlyIVR) (16). This manipulation prevented neu- 
ronal depolarization (fig. S2C) and thus increased 
Ca?* flux through the chimeric ttP2X (Fig. 1B, 
blue). Nonetheless, this manipulation inhibited 
signaling to CREB (Fig. 1E, second row). The 
attenuation of CREB signaling required a com- 
bination of GlyIVR expression and ivermectin 
(fig. S2D) and could not be attributed to increased 
Ca?* influx (fig. S2E). 

In a second test, we inhibited Cayl.2 confor- 
mational opening with nimodipine. This Ca,l- 
selective agent (17, 18) blocked ATP-mediated 
CREB signaling (Fig. 1E, third row) without 
affecting depolarization or Ca?* influx (Fig. 1C, 
compare orange with blue). Nimodipine did not 
block the pCREB response when the chimeric 
Cay1.2 was rendered nimodipine-insensitive (Fig. 
1E, bottom row), excluding potential off-target 
effects of the drug. Similar results were obtained 
with CREB-dependent expression of the imme- 
diate early gene c-fos (fig. S3). Thus, Cayl.2 sig- 
naling to pCREB and gene expression requires 
two distinct messages: The Ca?* signal works in 
conjunction with an equally indispensable VAC 
signal arising from Cay1.2. 
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Previous work has implicated Ca?*/calmodulin- 
dependent protein kinase II (CaMKII) in me- 
diating the signaling from Cay1.2 to nuclear CREB 
(3-5, 19). CaMKIIs are activated and recruited 
into puncta near Cay1.2 upon depolarization (4, 5), 
where they play a critical role in dispatching a 
signal to the nucleus (19). We confirmed the 
critical role of a- and BCaMKII by means of phar- 
macology (Fig. 2A and fig. S4A) and selective 
knockdowns of either isoform with small hair- 
pin RNA (shRNA) (Fig. 2, B and C, and fig. S4, B 
and C). In contrast, signaling remained intact 
when protein kinase C, protein kinase A, or 
mitogen-activated protein kinase pathways 
(3, 6, 20) were blocked (fig. S4A). We further estab- 
lished that aCaMKII forms an activity-dependent 
complex with Cay1.2: Immunoprecipitation with 
a Cayl.2 antibody pulled down aCaMKII, and 
the degree of the coimmunoprecipitation was 
increased by stimulation with 40K* (Fig. 2D). 

We next assessed the contributions of Ca?* 
and VAC signals in mediating the spatial recruit- 
ment of CaMKII to the Cay1.2 channel. Staining 
with a phospho-specific CaMKII antibody re- 
vealed the formation of intense phospho-CaMKII 
(pCaMKII) puncta near surface ttP2X-Cay1.2 
channels after dual Ca?* and VAC stimulation 
(Fig. 2, E and F), but not after stimulation by Ca?* 
or VAC alone (Fig. 2F). A similar pattern was 
observed for isoform-specific antibodies against 
aCaMKII (Fig. 2, G and H, and fig. $4, D and E) 
or BCaMKITI (Fig. 2, I and J, and fig. S4E), which 
is consistent with CaMKII isomers relocating as 


Fig. 1. Decoupling Cayl.2Ca?* A, 


heteromultimers (21, 22). Thus, Cayl.2 commu- 
nication to multiple isoforms of CaMKII follows 
the signaling logic observed in Cay1.2-mediated 
CREB signaling; all demand a conjunction of Ca?* 
and VAC signals. 

We looked for dynamic changes of CaMKII 
produced by Ca?* or VAC signals in isolation. 
Whereas VAC-only stimuli had no effect, Ca?*-only 
stimuli (10 s) mobilized BCaMKII [Fig. 3, A (green 
trace) and B (top two images)], which is con- 
sistent with its known dissociation from F-actin 
upon Ca?* stimulation (21, 22). The mobilization 
of BCaMKII (Fig. 3A, green trace) outlasted bulk 
Ca?* elevation (Fig. 3A, blue trace) but returned 
to the initial distribution within 60 s, which is 
consistent with the kinetics of calmodulin trap- 
ping (23). Evidently, mobilized BCaMKII reverted 
to its cytoskeleton-bound state in the absence of 
VAC signaling (Fig. 3B). To find out when VAC 
signaling was most effective, we varied the timing 
of brief (10-s) pulses of Ca?* and VAC inputs (Fig. 
3C), quantifying efficacy by downstream CREB 
activation (Fig. 3D). Synchronous stimuli (differ- 
ence in time, At = 0) were suboptimal. Instead, 
VAC potency peaked at At = 10 to 20 s after Ca?* 
influx and persisted at At = 40 s (Fig. 3D, black 
bars). Reversing the order of stimuli (VAC first) 
resulted in little signaling to CREB (Fig. 3D; At = 
-10 s), a pronounced temporal asymmetry. The 
dynamics of VAC potency (Fig. 3D, black bars) 
and of BCaMKII mobilization (Fig. 3D, green trace 
from Fig. 3A) were similar. This suggests that Ca?* 
mobilization of BCaMKII [or a/BCaMKII hetero- 


multimers (27)] is a prerequisite for their subse- 
quent VAC-mediated accumulation at Cayl.2 
channels and for downstream signaling to pCREB 
(fig. S5) (19). 

To test whether VAC signals interact with 
other Ca?* sources, such as N-methyl-p-aspartate 
receptors (NMDARs) (21, 22), we examined 
CaMKII puncta formation in response to NUDAR 
activity in isolation (Fig. 4A, right; nimodipine 
present) or in combination with Cayl.2 VAC (Fig. 
4A, left; nimodipine absent and Cayl.2 pore 
blocked with Cd?*). VAC inclusion enhanced 
the amplitude of the NMDAR-induced signal 
(CaMKII puncta formation) (Fig. 4, B and C). 
Thus, VAC signals not only interact with Ca?* 
entry from the home Cayl.2 (Fig. 3) but also 
synergistically modulate the signaling potency of 
other Ca’* sources (Fig. 4). 

With regard to disease, Timothy syndrome 
(TS) (7) arises from either of two point mutations 
in helix IS6 of Cay1.2 (fig. S6A). Both the G406R 
and G402S TS variants cause a prolonged Ca?* 
current (arising from the slowing of Cayl.2 in- 
activation), and both variants produce a long-QT 
cardiac arrhythmia (fig. S6B) (7, 8). Whereas 
G406R produces autism spectrum disorder with 
>60% penetrance, G402S patients are neurologi- 
cally intact, suggesting that Ca?* influx is not what 
determines the neurological phenotype (fig. S6B, 
black symbols) (8, 24, 25). To test the role of VAC 
in TS, we made TS variants in the Cay1.2 portion 
of the chimera while holding the Ca?* flux fixed 
via the fused ttP2X (Fig. 4D). Mutant-specific 
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Fig. 2. Redistribution of CaMKII to Cay1.2 puncta requires dual Ca2* and 
VAC signals. (A to C) pCREB signaling (3 min of 40K* or ATP-plus-Cd?* 
stimulation) was blocked by the CaMKII inhibitor KN93 (KN92 is an inactive 
analog) (A), or by shRNA against either aCaMKIl (B) or BCaMKII (C). (D) Co- 
immunoprecipitation with antibodies against Cayl.2 indicated that the 
association between Cayl.2 and aCaMkIl increased after stimulation (IB, 
immunoblotting; IP, immunoprecipitation). (E, G, and 1) pCaMkIl (E), aCaMkIl 
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(ATP plus Cd** for 3 min). Their staining is punctate (green) and colocalizes 
with surface ttP2X-Cayl.2 channels (red). Scale bar, 10 um. (F, H, and J) Quan- 
tification of puncta intensity for pCaMKIl (F), aCaMKIl (H), and BCaMkIl (J) 
(Nim, nimodipine). Puncta intensity increases with dual Ca** and VAC signals 
(second and fourth rows) but not with Ca** or VAC signals in isolation (third and 
fifth rows). The bars show means + SEM (normalized to no stimulation) of 
50 cells from three independent cultures. **P < 0.01, determind by one-way 
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Fig. 3. Temporal dissection of Ca** and VAC signals reveals a slow coincidence detection scheme. D 

(A) The protocol for the 10-s Ca**-only pulse produced with ATP plus Nim (top) and the resulting 1 
bulk Ca** elevation (bottom, blue waveform; AF/Fo, ratio of fluorescence difference to basal value). 
Cells were fixed at various time points (black arrows) and BCaMKII mobilization (green waveform) 
was determined by a variance-over-mean (var/mean) analysis. Blue shading and green bars show 
means + SEM of 25 cells from three cortical cultures. (B) Sample images of BCaMKIl distribution in 
response to different stimuli. Ca°* alone transiently mobilizes BCaMKII (top three images) but does not form 0 
BCaMkII puncta (compare with the bottom image). Scale bar, 10 um. (©) The protocol for temporally shifted 
10-s pulses of Ca** and VAC. (D) Nuclear pCREB signaling in response to stimuli in (C) (black bars), overlaid 
with waveforms from (A). The bars show means + SEM of 120 cells from four independent cortical cultures. 
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Fig. 4. Cay1.2 VAC synergisti- 
cally augments NMDAR signaling 
and is mistuned in TS mutations. 
(A) Scheme for examining the 
functional crosstalk of NMDAR and 
Cayl.2 VAC. (B and C) pCaMkIl (B) 
and aCaMkIl (C) puncta intensity 
analysis in neurons after 1 min of 
stimulation. Shown are means 
(points) + SEM (bars) of 50 cells 
for each condition. *P < 0.05 and 
**P < 0.01, determined by a two- 
tailed independent Student's t test. 
(D) Approach to examining the 
VAC potency of Cayl.2 variants 

by means of chimeras (MUT, 
mutation). (E) Signaling to both 
CaMkIl and CREB is substantially 
elevated (~30 to 70%) in G4O6R 
relative to either WT or G402S 
Cayl.2. Bars show means + SEM 
of 50 cells from three cultures. 

*P < 0.05 and **P < 001, 
determined by one-way ANOVA 
followed by Fisher's least significant 
difference test. (F) Surface 
expression of TS mutants is 
indistinguishable from WT Cayl.2 
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effects on Cayl.2 Ca?* flux (7, 8, 24-27) were 
suppressed with Cd?*, and nimodipine eliminated 
endogenous Cayl VAC contributions, whereas 
chimeric channels were nimodipine-insensitive 
(Fig. 4D). We found that G406R Cay1.2 exhibited 
gain-of-function VAC signaling: a/BCaMKII and 
CREB signaling were substantially elevated (~30 
to 70%). However, chimera surface expression 
was no different than in wild-type (WT) Cay1.2 
(Fig. 4, E and F). In contrast, G402S Cay1.2 did 
not differ at all from WT Cayl.2 (Fig. 4E). Thus, 
mistuning of VAC is associated with the G406R 
(28) but not with the G402S variant of TS (fig. 
S6B, colored symbols), in correlation with the 
autistic symptoms in TS. 

Since the classic discovery of flux-independent 
Cayl1.1 signaling (9, 10), other nonionic modes of 
channel signaling have been reported to operate 
independently from ionic signaling (17, 28-30). 
In this study, we found that conformational and 
ionic signals from the same channel can work 
in concert to regulate transcription. Such dual- 
mode signaling offers enhanced specificity: Maxi- 
mal Cayl.2-mediated CREB activity requires a 
sequence of Ca”* influx followed ~10 to 20 s later 
by VAC signaling, a form of coincidence detection 
that is reminiscent of spike timing-dependent 
plasticity (37) but more than a thousand times 
slower (fig. S5). A second benefit is an increase 
in the voltage dependence of signaling. Voltage- 
dependent contributions from Ca?* and VAC 
signals render Cayl.2-mediated transcription 
more sensitive to small changes in depolariza- 
tion (4). Taken together, these two advantages— 
heightened temporal specificity and voltage 
sensitivity—would make suboptimal patterns 
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of activity less effective, while allowing tempo- 
rally optimal stimuli of even small magnitudes 
to signal strongly. This may explain why synaptic 
plasticity that is dependent on Cayl-mediated 
transcription typically requires prolonged bouts 
of activity or multiple bursts spread over tens of 
seconds (2, 32). 

Yet another advantage of dual-mode signaling 
is the possibility of interaction between VAC 
signals and recent Ca”* entry from other sources. 
We found that Cayl.2 VAC synergizes with 
NMDAR signaling (Fig. 4), raising the possibility 
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of interactions with Ca?* signals derived from (2010). 
other sources, such as internal Ca2* stores or Ca2*- 7. R. W. Hadley, W. J. Lederer, Am. J. Physiol. 269, H1784—-H1790 
: (1995). 


permeable AMPA (o-amino-3-hydroxy-5-methyl- 
4-isoxazolepropionic acid) receptors. Looking 
beyond Cayl.2, our chimeric-channel approach 
may provide a generalizable strategy to investi- 
gate nonconducting roles of NMDARs (29) and 
of other Ca?*-permeant channels such as Cayl.3. 
Cayl1.3 variants that produce autism (33) con- 
sistently display negative shifts in voltage depen- 
dence that would be expected to enhance VAC 
signaling, much as we found for Cay1.2 G406R 
(Fig. 4E). 
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STRUCTURAL BIOLOGY 


Structures of a CRISPR-Cas9 R-loop 
complex primed for DNA cleavage 


Fuguo Jiang,’* David W. Taylor,”?* Janice S. Chen,’ Jack E. Kornfeld,? Kaihong Zhou,” 
Aubri J. Thompson,* Eva Nogales,””’*>+ Jennifer A. Doudna??****>>6+ 


Bacterial adaptive immunity and genome engineering involving the CRISPR (clustered 
regularly interspaced short palindromic repeats)—associated (Cas) protein Cas9 begin with 
RNA-guided DNA unwinding to form an RNA-DNA hybrid and a displaced DNA strand inside 
the protein. The role of this R-loop structure in positioning each DNA strand for cleavage 
by the two Cas9 nuclease domains is unknown. We determine molecular structures of the 
catalytically active Streptococcus pyogenes Cas9 R-loop that show the displaced DNA 
strand located near the RuvC nuclease domain active site. These protein-DNA interactions, 
in turn, position the HNH nuclease domain adjacent to the target DNA strand cleavage site 
in a conformation essential for concerted DNA cutting. Cas9 bends the DNA helix by 30° 
providing the structural distortion needed for R-loop formation. 


acteria and archaea defend themselves 

against infection using adaptive immune 

systems comprising CRISPR (clustered reg- 

ularly interspaced short palindromic re- 

peats) loci and their associated cas genes 
(1-4). CRISPR-Cas systems use Cas proteins in 
complex with small CRISPR RNAs (crRNAs) to 
identify and cleave complementary target se- 
quences in foreign DNA (5, 6). A defining fea- 
ture of type I and type II CRISPR-Cas systems 
is R-loop formation in which the guide RNA seg- 
ment of crRNAs invades double-helical DNA to 
form an RNA-DNA hybrid helix with the target 
DNA strand while displacing the opposing non- 
target strand (7-10). In type II CRISPR-Cas sys- 
tems, the Cas9 endonuclease together with crRNA 
and a trans-activating crRNA (tracrRNA) or an 
engineered single-guide RNA (sgRNA), which is 
widely used in Cas9-based genome engineering, 
is sufficient to form this R-loop (8, 17). The R-loop 
interaction occurs at target DNA sequences bear- 
ing guide RNA segment complementarity and a 
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short protospacer adjacent motif (PAM) leading 
to double-stranded DNA (dsDNA) cleavage 3 base 
pairs (bp) upstream of the PAM via the HNH and 
RuvC nuclease domains (17, 12). Comparison of 
crystal structures of Cas9 alone (73), bound to 
guide RNA (/4), or to a single target strand of 
DNA (15-17) revealed substantial conformational 
rearrangement of Cas9 to form a DNA recognition- 
competent structure. However, in all available 
structures, the HNH domain active site is more 
than 30 A away from the target-strand DNA 
cleavage site, and the active DNA-bound state 
of the RuvC domain has not been observed due 
to the lack of an intact nontarget strand in these 
complexes. 

To determine the structural basis for R-loop 
formation and concerted DNA cleavage by the 
two Cas9 endonuclease domains, we solved the 
3.4-A resolution crystal structure of wild-type 
Streptococcus pyogenes Cas9 bound to sgRNA 
and a 30-bp target dsDNA containing a canon- 
ical 5'-TGG-3' PAM (11, 78) (Fig. 1, A and B, and 
table S1). Metal ion chelation prevented DNA 
cleavage during complex assembly and crystal- 
lization. The Cas9-sgRNA-dsDNA ternary com- 
plex, representing the cleavage-competent state of 
the enzyme, has a bi-lobed architecture in which 
the bound target DNA resides within the central 
channel between the alpha-helical recognition 
(REC) and the nuclease (NUC) lobes (Fig. 1, C and 
D). The dsDNA substrate is trapped in an unwound 
but precleaved state, with the target DNA strand 
engaged in a pseudo-A-form RNA-DNA hybrid 
spanning the length of the central protein channel. 


The displaced nontarget single-stranded DNA 
(ssDNA) runs parallel to the RNA-DNA hetero- 
duplex but threads into a tight side tunnel lo- 
cated within the NUC lobe (Fig. 1D and fig. S1). 
Unambiguous electron density is observed for 
9 nucleotides (nt) of nontarget DNA upstream of 
the PAM (Fig. 2A). Analysis of crystals containing 
dsDNA with 5-iododeoxyuridine (5-IdU) in place 
of three thymidines in the nontarget strand shows 
two strong peaks of iodine anomalous difference 
density at the expected positions (fig. $2). Lack of 
density for the third 5-IdU-substituted nucleo- 
tide, located at the 5’ end of the nontarget strand, 
indicates high mobility of the PAM-distal end of 
this strand. These crystallographic results are con- 
sistent with footprinting data showing that only 
9 nt of the PAM-proximal displaced DNA strand 
are protected from P1 nuclease cleavage (13). 

The ordered nontarget DNA exhibits an ex- 
tended, distorted helical conformation in which 
the first nucleotide upstream of the PAM (referred 
to as position -1) stacks onto the PAM-proximal 
DNA duplex (Fig. 2A). Whereas the target DNA 
strand kinks at the +1 phosphodiester linkage, 
as observed previously (16, 17), the nontarget DNA 
strand undergoes a sharp kink at the -1 phosphate 
position. In contrast to the +1 phosphate on the 
target strand, there are no direct protein contacts 
to the -1 phosphate on the nontarget strand. In- 
stead, Cas9 makes extensive interactions with the 
flipped nucleotides at the -2 and -3 positions to 
stabilize the kinked DNA configuration of the non- 
target strand (Fig. 2B). The nontarget strand kinks 
again, with the base orientation at -4 twisted by 
~90° with respect to -3 and stabilized by stack- 
ing with two conserved Cas9 residues, Phe®"® and 
Leu”, After position -5, the nontarget DNA 
strand extrudes laterally through the narrow side 
tunnel formed by the NUC lobe without many 
direct protein-DNA interactions. 

The observed orientation of the nontarget DNA 
strand reveals its position in the RuvC catalytic 
center. The four catalytically essential residues 
(Asp”, Glu”, His®®?, and Asp®*°°) of this nucle- 
ase domain are positioned near the scissile phos- 
phate between positions -3 and -4 (Fig. 2C). 
RuvC, which employs a carboxylate-chelated two- 
metal-ion cleavage mechanism (13, 15), adopts 
the same structure and position as observed in the 
Mn?*-bound apo-Cas9 structure (13). Notably, 
the distances between the superimposed metal 
ions and the nonbridging oxygen of the scissile 
phosphate (~5.5 A) are slightly longer than the 
typical Mg-O coordination distance (2.1.A). We 
speculate that binding of divalent cations in the 
active site may facilitate movement of the scissile 
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phosphate in the nontarget strand toward the 
bound metal ions for catalysis. 

The presence of the nontarget strand induces 
a more compact (closed) conformation of Cas9, 
relative to previous ssDNA- or PAM-containing 
partial duplex-bound structures, in which both 
the REC and NUC lobes move toward the central 
nucleic acid-binding channel (fig. $3). This repo- 
sitioning drives helical domain 2 of the REC lobe, 
which does not contact the RNA-DNA hetero- 
duplex in previously reported structures (15, 16), 
to interact directly with the phosphate backbone 
in the target DNA strand through residues Ser”®” 
and Asp”°? (Fig. 2B and fig. $4). Thermal shift 
assays show that Cas9 exhibits greater stability 
upon dsDNA substrate binding relative to associ- 
ation with a single target DNA strand or a PAM- 


Fig. 1. Crystal structure of Cas9-sgRNA-dsDNA 
ternary complex. (A) Domain organization of 
S. pyogenes Cas9. (B) Schematic diagram of the 
sgRNA-target DNA complex. The target DNA strand 
and displaced nontarget strand are colored dark 
blue and purple, respectively. The PAM sequence 
is underlined, and the sgRNA sequence is high- 
lighted in orange. Dashes and dots represent ca- 
nonical and noncanonical Watson-Crick base pairs, 
respectively. Filled square denotes the base stack- 
ing interaction. Dashed boxes outline the portions 
of sgRNA and DNA that are not visible in the elec- 
tron density map. (C and D) Ribbon (C) and sur- 
face (D) representations of the Cas9-sgRNA-dsDNA 
structure, color-coded as defined in (A) and (B). 
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containing partial duplex (fig. S5 and table S2). 
Together, these observations show how binding 
to both strands of a dsDNA target coordinates 
Cas9 conformational changes required for effi- 
cient catalysis. 

The most prominent Cas9 conformational re- 
arrangement upon dsDNA binding occurs in the 
position of the HNH nuclease domain, which 
rotates by ~180° and translates by ~20 A toward 
the RNA-DNA heteroduplex as a rigid body from 
its location in the PAM-containing partial duplex- 
bound complex (Fig. 3A). In contrast to previous 
structures, in which the HNH active site was 
neither pointed toward nor located near the tar- 
get DNA strand cleavage site (fig. S6), this rotated 
HNH position locates the active-site residue His*” 
adjacent to the scissile phosphate (Fig. 3B). The 
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NUC helical recognition (REC) lobe 


observed structural states of the HNH domain 
agree with intramolecular Forster resonance en- 
ergy transfer (FRET) experiments showing that 
the HNH domain exists in conformational equi- 
librium between inactive and active states, favor- 
ing the active state observed here only upon 
on-target dsDNA binding (79). In our present 
dsDNA-bound structure, the distance between 
the catalytic residue His*° and the scissile phos- 
phate is slightly farther apart (~10 A) than re- 
quired for catalysis, probably owing to omission 
of diavalent metal ions during crystallization. 
Given the high mobility exhibited by the HNH 
domain, it is reasonable to speculate that intro- 
duction of metal ions would drive the HNH 
active site to the target DNA strand for cleavage 


(13, 15). 
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Fig. 2. Protein contacts that open and kink the nontarget DNA strand. 
(A) Structural comparison of sgRNA-DNA complexes in existing DNA-bound 
Cas9 structures (with sgRNA scaffold omitted for clarity). The ordered non- 
target DNA strand in the dsDNA-bound structure is shown with a simulated- 
annealing omit F,-F, electron density map contoured at 1.5 6. The sgRNA-DNA 
complexes in the ssDNA-bound (PDB ID 4008) and PAM-containing partial 
duplex-bound (PDB ID 4UN3) structures are colored in cyan and beige, re- 
spectively. (B) Schematic showing key Cas9-dsDNA interactions. For clarity, 
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only the unwound nontarget strand and the seed RNA-target DNA hetero- 
duplex are shown. Residues specifically interacting with the PAM motif are 
highlighted in red. Hydrogen bonds or electrostatic interactions are indicated 
by dashed lines; hydrophobic contacts and van der Waals interactions are shown 
as solid lines. (C) Position of nontarget strand in RuvC active site. The red sphere 
depicts the scissile phosphate. Notably, the RuvC domain in the dsDNA-bound 
structure (marine) superimposes well with that in the Mn?*-bound apo-Cas9 
form (gray), with two Mn** ions fit snugly in the active center. 


Fig. 3. dsDNA unwinding induces drastic con- 
formational changes in Cas9’s HNH domain and 
the linker regions connecting it to RuvC domain. 
(A) Comparison of HNH nuclease domain with that 
observed in a PAM-containing partial duplex-bound 
structure. The complexes are aligned through 
the less-flexible RuvC, helical domain 1, and PAM- 
interacting C-terminal domain (CTD) and presented 
in the same direction, but side by side. There is a 
~180° rotation (marked by an arrow) of the L1- 
HNH-L2 region in the dsDNA-bound structure (right) 
along an axis perpendicular to the central channel 
relative to that of the partial duplex-bound state 
(left). (B) Close-up view of the HNH active site and 
L2 linker. The aromatic ring of Phe®'® intercalated 
between positions -3 and —4 is shown as a stick. 
(C) Close-up view of the L1 linker. 
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Double-stranded DNA binding induces addi- 
tional changes in the Cas9 structure that explain 
both HNH domain repositioning and R-loop sta- 
bilization. The two hinge regions connecting the 
HNH domain with the RuvC domain—L] (resi- 
dues 765 to 780) and L2 (residues 906 to 918)— 
are switched in the dsDNA-bound structure rel- 
ative to their positions in the PAM-containing 
partial duplex-bound state (Fig. 3A). This re- 
arrangement involves local changes in protein 
secondary structure. L1, which is completely dis- 
ordered in prior structures, refolds into a well- 
ordered loop and a short o helix and lies between 
the target DNA strand and the displaced non- 
target DNA strand (Fig. 3C). The refolding of L1 
appears to be critical for stabilizing the R-loop 
structure, owing to multiple contacts made with 
the RNA-DNA hybrid minor groove and the distal 
region of the nontarget DNA strand (Fig. 2B). In 
contrast, L2 unfolds from its previously observed 
o helical structure into an extended loop in which 
many residues, including Phe®!° and Leu®”’, con- 
tact the nontarget DNA strand, thereby directing 
the scissile phosphate toward the RuvC active 
center (Fig. 2, B and C, and Fig. 3B). This dsDNA- 
induced unfolding of L2 is reminiscent of confor- 
mational changes observed in other protein-DNA 
complexes, such as the restriction enzyme BamHI- 
DNA complex (20) and the T7 RNA polymerase 
elongation complex (21). The structural rear- 
rangements displayed by L1 and L2 upon dsDNA 
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binding, in concert with the reorientation of the 
HNH domain, provide direct structural evidence 
for allostery between the HNH and RuvC nuclease 
domains through these hinge regions. 

To visualize how Cas9 holds both ends of un- 
wound dsDNA within a longer helix, we used 
cryo-electron microscopy (cryo-EM) to determine 
the structure of a wild-type S. pyogenes Cas9- 
sgRNA complex bound to a 40-bp dsDNA (table 
$2). We obtained structures of Cas9-sgRNA (Fig. 
4, A and B) and Cas9-sgRNA-dsDNA (Fig. 4C) at 
4.5 A and 6.0 A resolution, respectively (figs. S7 
to S11). The 4.5-A structure of Cas9-sgRNA per- 
fectly accommodates the crystal structure of the 
preorganized Cas9-guide RNA complex (/4). In 
contrast to the crystal structure, in which the 5’ 
end of the guide RNA (nucleotides 1 to 10) were 
disordered, density was visible for the entire 20-nt 
5’ end of the guide RNA segment. The 5’ end of 
the guide lies inside the cavity formed between 
the HNH and RuvC nuclease domains (Fig. 4B). 
In the dsDNA-bound EM structure, the HNH 
domain and helical domain 2 are observed at 
lower resolution than the overall structure (~8 to 
10 A), indicating conformational plasticity of these 
two domains (Fig. 4C). This is consistent with a 
recent report showing that the HNH domain 
populates both active and inactive states (19). 
Density for dsDNA is observed on either side of 
the Cas9 protein complex, revealing a bend angle 
of ~30° in the DNA double helix as it traverses 


E 


DNA 
target strand 


the protein (Fig. 4, C to E). The PAM-distal end 
duplex protrudes from the protein between the 
RNA-DNA heteroduplex and the RuvC nuclease 
domain. This end of the DNA is held rigidly on 
opposite sides through contacts with the RuvC 
and REC-lobe helical domain 3, stabilizing the 
distortion of the target DNA from a linear helical 
axis (Fig. 4F). 

The structures of the Cas9-sgRNA-dsDNA 
complex presented here show how Cas9 holds 
unwound dsDNA to enable RNA-DNA hybrid forma- 
tion without requiring an adenosine triphosphate- 
dependent helicase activity. DNA binding at a 
sequence complementary to the 20-nt guide RNA 
segment in the Cas9-RNA complex induces pro- 
tein structural rearrangements that accommo- 
date both the RNA-DNA helix and the displaced 
nontarget DNA strand. Those protein-nucleic 
acid interactions in turn direct the nontarget 
DNA strand into the RuvC domain active site, 
favoring local conformational changes that pos- 
ition the HNH domain active site near the scis- 
sile phosphate of the target DNA strand. Cas9 
interacts with both ends of the open DNA helix, 
conferring a 30° helical bend angle that pro- 
vides the structural distortion required for R-loop 
stabilization. Collectively, these findings explain 
how Cas9, an individual nonpolymerase enzyme 
able to catalyze R-loop formation, achieves this 
structural change leading to accurate, precise, 
and programmable DNA cleavage. 


DONA 
non-target 
strand 


perfect 
B-form dsDNA 


Fig. 4. Architecture of the Cas9-R loop complex. (A and C) Cryo-EM 
reconstructions of sgRNA-bound Cas9 (A) and Cas9-sgRNA bound 
to a 40-bp target dsDNA (C) at 4.5- and 6.0-A resolution (using the 
0.143 gold standard Fourier Shell Correlation criterion), respectively. 
7 Subunits are segmented and colored as indicated. (B) Close-up view of 
= the sgRNA (orange) from our sgRNA-bound structure showing that the 
i 5’ end of the guide (nucleotides 1 to 10, red) undergoes a dramatic kink 
and is buried within a pocket created by the HNH (light green) and RuvC 
(light blue) nuclease domains of Cas9. The 5’ end of the guide is 
reorganized upon base pairing with the target strand in the DNA-bound 
crystal structure presented in Fig. 1 (blue). (D) R-loop density composed 
of sgRNA (dark gray) and target DNA (dark blue) and Cas9 (transparent 
surface), with the HNH domain removed for clarity. (E and F) R-loop 


density composed of sgRNA (orange) and target DNA (dark blue) with 
the pseudo-atomic model reveals local bending of the dsDNA by ~30° creating an angle of 150° between ends (arrow) (E) and large distortions as compared to a 
linear helical duplex extending from the PAM-proximal end (F). 
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STRUCTURAL BIOLOGY 


2.3 A resolution cryo-EM structure of 
human p97 and mechanism of 


allosteric inhibition 


Soojay Banerjee,'* Alberto Bartesaghi,’* Alan Merk,’ Prashant Rao,’ Stacie L. Bulfer,” 
Yongzhao Yan,” Neal Green,* Barbara Mroczkowski,” R. Jeffrey Neitz,” Peter Wipf,” 
Veronica Falconieri,' Raymond J. Deshaies,° Jacqueline L. S. Milne,’ Donna Huryn,” 


Michelle Arkin,” Sriram Subramaniam’+ 


p97 is a hexameric AAA+ adenosine triphosphatase (ATPase) that is an attractive target 
for cancer drug development. We report cryo-electron microscopy (cryo-EM) structures 
for adenosine diphosphate (ADP)—bound, full-length, hexameric wild-type p97 in the 
presence and absence of an allosteric inhibitor at resolutions of 2.3 and 2.4 angstroms, 
respectively. We also report cryo-EM structures (at resolutions of ~3.3, 3.2, and 3.3 
angstroms, respectively) for three distinct, coexisting functional states of p97 with 
occupancies of zero, one, or two molecules of adenosine 5’-O-(3-thiotriphosphate) (ATPyS) 
per protomer. A large corkscrew-like change in molecular architecture, coupled with 
upward displacement of the N-terminal domain, is observed only when ATPyS is bound to 
both the D1 and D2 domains of the protomer. These cryo-EM structures establish the 
sequence of nucleotide-driven structural changes in p97 at atomic resolution. They 

also enable elucidation of the binding mode of an allosteric small-molecule inhibitor to p97 
and illustrate how inhibitor binding at the interface between the D1 and D2 domains 
prevents propagation of the conformational changes necessary for p97 function. 


he superfamily of AAA+ proteins (ATPases 
associated with diverse cellular activities) 
consists of molecular chaperones that serve 
major roles in cellular protein quality control; 
DNA replication, transcription, recombina- 
tion, and repair; membrane fusion; movement of 
intracellular cargo; and cell cycle regulation (/, 2). 
These oligomeric ring-like enzymes, which typi- 
cally form hexamers, contain common functional 
features including one or more conserved AAA+ 
ATPase cassettes in each protomer. These cas- 
settes bind and hydrolyze ATP at the interface 
between adjacent subunits. The acquired energy 
from binding and catalysis of nucleotides indu- 
ces a series of conformational changes to enable 
these enzymes to modulate their substrates. p97, 
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a well-characterized member of this protein family, 
binds multiple proteins including deubiquitylating 
enzymes as well as ubiquitin-binding adaptors 
and ligases (3-7). The central role that p97 plays 
in protein quality control makes it an attractive 
target for cancer chemotherapy, as disruption of 
both of these processes hinders cancer cell sur- 
vival (8). Up-regulation of p97 expression in can- 
cer cells supports this premise (9), as do reports 
of numerous structurally diverse inhibitor types 
(10-14), including a potent inhibitor that entered 
a phase I clinical trial in 2015 (15). 

Structurally, each p97 protomer has a predicted 
molecular weight of ~90 kDa and comprises an 
N-terminal domain (henceforth N domain), two 
tandem ATPase domains (designated D1 and D2) 


that pack as hexameric rings, and a short C-terminal 
domain. Structural studies of full-length p97 by 
x-ray crystallography have so far been limited to 
medium resolution (3.5 A to 4.7 A) (16), although 
higher-resolution structures of subcomplexes that 
contain D1 and the N domain or the D2 domain 
have revealed further architectural insights in 
these regions of the protein (16-20). Determina- 
tion of the atomic-resolution structure of native, 
full-length p97 in different conformational states 
and in complex with inhibitors is therefore of 
considerable biological and clinical interest. 

Using cryo-EM, we first performed structural 
analysis of p97 without addition of exogenous 
nucleotides. This structure, determined at an 
overall resolution of 2.4 A, shows the expected 
architecture of the hexameric complex (fig. S1, A 
and B). ADP occupies both the D1 and D2 do- 
main nucleotide-binding pockets (fig. $1, C and 
D). Analysis of the conformational variants that 
emerge during three-dimensional classification 
suggests that subtle conformational heterogeneity 
in the ADP-bound D2 hexamer (fig. S2) is a likely 
reason for the lower resolutions achieved in x-ray 
crystallographic analyses of full-length p97. Over- 
all, the cryo-EM-derived structure of the D2 do- 
main in the full-length hexamer is comparable 
to that determined for full-length p97 at 3.5 A by 
x-ray crystallography, except for some differences 
in the relative disposition of the N domain (16) 
and better definition of the C-terminal o-helical 
subdomain that spans amino acid residues 645 
to 763. 
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Several classes of inhibitors, including those that 
act in an allosteric or competitive manner, have 
been identified that impair p97 ATPase activity 
(10-14, 21-27). Determination of the cryo-EM struc- 
ture at 2.3 A resolution of p97 in complex with 
UPCDC30245, a phenyl indole derivative (fig. S3) 
that is structurally related to a recently described 
series of allosteric inhibitors (14), shows that this 
compound (half-maximal inhibitory concentration 
~27 nM) binds at the junction between the D1 and 
D2 domains (Fig. 1, A and B). A detailed view of the 
structure of a single p97 protomer shows the loca- 
tion of the inhibitor and bound ADP (Fig. 1, C to 
E), including features such as the interaction of the 
ADP £-phosphate with a water molecule in the D1 
domain (Fig. 1D) and hydrogen bonding of a water 
molecule to the a-phosphate moiety and to the 
hydroxyl group on the ribose ring proximal to the 
o-phosphate group (Fig. 1E). Furthermore, the dis- 


Fig. 1. Atomic-resolution model derived from 
cryo-EM structure of p97 in the presence of 
bound inhibitor. (A and B) Top and side views, 
respectively, of the cryo-EM structure of the p97 
hexamer presented as a ribbon diagram, showing 
the N (green), D1 (blue), and D2 (purple) domains. 
The ADP molecule is colored cyan. The inhibitor 
(red) is bound at the junction between the D1 and 
D2 domains. The relative position of each domain 
in the primary sequence is indicated. (C) Ribbon 
diagram of a p97 protomer highlighting the loca- 
tion of the bound inhibitor (red) relative to the two 
bound nucleotides (cyan) in Dl and D2 domains. 
(D and E) Density maps for bound nucleotides, 
establishing that ADP is bound to both Dl and D2 
domains, and visualization of densities for tightly 
bound water molecules (colored red, highlighted in 
yellow) at the nucleotide-binding sites. (F and G) 
Top and side views, respectively, of the structure 
(uncorrected density map), color-coded to repre- 
sent variation in resolution across the protein as 
determined using ResMap (28). 
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tal hydroxyl group of the ribose ring interacts with 
a water molecule hydrogen-bonded to the side-chain 
oxygen atom of Asn®® and the main-chain carbonyl 
atom of residue Asp*”. Local map resolution mea- 
sured by ResMap (28) indicates that the density is 
weakest in the N domain, consistent with plots of 
B-factor profiles of the refined structure, which 
show that the average B-factor is highest in the 
N domain and in the D1-D2 connector region and 
lowest in the core of the D1 and D2 domains (Fig. 
1, Fand G, and fig. $4). The most ordered regions 
are at the p97 core, with a clear gradient toward 
higher B-factors at the periphery (movie S1). 
Selected examples of the quality of the cryo- 
EM map in the D2 domain (residues 481 to 763) 
are presented in Fig. 2, A to C. It is conceivable 
that the two discrete conformations of the Arg’”? 
side chain (Fig. 2B) are relevant to the ability of 
p97 to locally adapt to structural variations in 


bound substrates because this residue has been im- 
plicated in substrate interactions in the pore re- 
gion surrounded by the D2 hexamer. UPCDC30245 
binding did not result in significant changes in 
conformation of the polypeptide backbone, includ- 
ing at the nucleotide-binding sites (fig. S5). Vi- 
sualization of density for the bound inhibitor in 
the map enabled determination of its conforma- 
tion in the bound state and the local interactions 
involved in its binding at the D1-D2 interface. 
The inhibitor conformation is most ordered in 
the half that includes the indole ring that nestles 
into a binding pocket (fig. S6A). This inhibitor- 
binding site is sandwiched by the C-terminal 
regions of two o-helical segments that range from 
residues 483 to 498 and 523 to 534 (Fig. 2D). The 
binding tunnel is capped at the end where the 
fluorinated indole ring is docked between two 
loop elements (amino acid residues 506 to 512 
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and 610 to 618) that lead into two parallel B 
strands. The other end of the binding cleft is 
open and solvent-exposed (Fig. 2, E and F), with 
the piperazine ring of the inhibitor protruding out- 
ward into the bulk solvent. Residues that interact 
with ADP in the D1 and D2 sites are summarized 
in fig. S6, B and C, respectively. 

The key interactions that anchor the inhibitor 
arise from the main-chain carbonyl oxygen of 
Val*®? hydrogen-bonded to the N-H of the indole 
ring (2.9 A), weak interaction of the fluorine 
atom present on the indole ring with the main- 


trogen atom in the piperidine ring (3.4 A), and 
the side chain of Glu*** hydrogen-bonded to the 
nitrogen atom in the linker between the piperidine 
and piperazine groups (3.2 A). The rest of the 
binding environment is largely hydrophobic in 
nature, stemming from interactions with residues 
Phe®®, Pro*?®, Pro®!?, Pro®”, Ala®?”, and Val*?” 
(Fig. 2D). Interactions at the indole ring end are 
central to the binding of UPCDC30245 to p97, 
with a potential edge-to-face, weak n-n interac- 
tion between Phe“ and the indole ring. Consist- 
ent with these findings, recent functional studies 


show that substitutions at the 5-position of the 
indole ring (where the fluorine atom is attached) 


chain carbonyl oxygen atom of Ser*", hydrogen 
bonding of the thiol group of Cys”®’ to the ni- 
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Ala537 Am 3, asn6t6 apceta 
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Trp551 


Inhibitor 


Glu498 py, 


Fig. 2. Depiction of cryo-EM map quality and inhibitor interactions. (A) Illustration of hydrophobic 
packing between the aromatic side chains of Trp°°! and Phe°°*, and the presence of a hole in the 
aromatic ring of Phe®”®. (B) Density for water molecules hydrogen-bonded to the Arg®?? backbone 
and evidence for alternate conformations of the terminal guanidinium group, shown in orthogonal 
orientations. The main-chain oxygen atom of Phe®>* shown in (A) is hydrogen-bonded to the Arg®?? 
guanidinium moiety. (C) Density for Arg™*, part of the “arginine finger” motif at the outer surface of the D2 
domain. (D) LIGPLOT representation showing residues in p97 that are in close proximity to the inhibitor, 
highlighting key H-bond interactions between the nitrogen on the indole ring and the backbone carbonyl 
oxygen atom of Val4?? and side chain of Glu*® with the nitrogen atom in the linker of the inhibitor. The 
interaction between the fluorine atom present on the indole ring of the inhibitor and the main-chain carbonyl 
atom of Ser" is also indicated. (E and F) Close-up view of the conformation of UPCDC30245 bound to p97 
shown along with selected residues in its vicinity. There is strong density for the bound inhibitor for the 
segment encompassing the indole group to the piperidine ring and virtually no density at the other extremity, 
where the molecule is expected to be highly flexible because of minimal interactions with the protein. 
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have profound effects on activity, with both steric 
and electronic factors being important (/4). The 
interactions at the piperazine ring end are min- 
imal, suggesting high conformational flexibility 
in this region, although the highly negatively 
charged outer surface of the binding tunnel (fig. 
S6A) may enable better anchoring to the surface 
of p97. Mutagenesis studies have shown that the 
D1-D2 interface is important for p97 function 
(11, 12) and provide support for the structural 
studies we report here. 

To unravel the intra- and interprotomer con- 
formational changes that occur with ATP bind- 
ing, we performed structural analysis of p97 in 
the presence of ATPyS at physiologically relevant 
concentrations. Earlier crystallographic studies 
of p97 with ATP analogs revealed only modest 
structural changes (16), raising the concern that 
crystal packing constraints may have prevented 
capturing functionally relevant protein confor- 
mational changes. Cryo-EM methods have been 
applied previously to study p97 conformational 
changes; however, the resulting structures were 
at very low resolutions [~20 to 30 A (29-3D] and 
did not result in definitive identification of the 
structural changes relative to the ADP-bound con- 
formation. Here, we report separation of three 
well-defined, coexisting conformational states at 
near-atomic resolution (~3.2 to 3.3 A) that are 
simultaneously populated when ATPYS is added 
to p97 (Fig. 3 and figs. S7 and S8). In conformation I, 
ADP is bound in both D1 and D2 nucleotide- 
binding domains; in conformation II, ADP is bound 
in the D1 domain while ATPYS is bound in the D2 
domain; and in conformation III, ATPyS is bound 
in the nucleotide-binding regions of both D1 and D2. 

The differences in structure among the three 
states reveal an unambiguous and stepwise evo- 
lution of the conformational change with bind- 
ing of ATPYS (Fig. 3, A to C). Conformation II 
differs from I only at the D2 domain, while the N 
and D1 domains remain essentially unchanged 
(Fig. 3, D to F). The changes in the D2 domain 
occur largely proximal to the nucleotide-binding 
region and result from the exchange of the bound 
ADP with ATPYS, as verified by direct visualiza- 
tion of density for the additional phosphate moi- 
ety in the binding site (fig. S8). Within each 
protomer, there is a ~10° to 15° rotational twist of 
the D2 domain with respect to the D1 domain, 
with the D1-D2 linker region serving as a hinge. 
This relative rotational displacement of the D2 
ring with respect to the D1 ring is consistent with 
atomic force microscopy studies that have re- 
ported ATP-dependent rotation in p97 (32). 

The difference between conformation II and 
III is primarily in the N and D1 domains, with 
minimal changes in the D2 domain (Fig. 3, G to 
I). Here again, the change in conformation is 
directly associated with the exchange of ADP for 
ATPYS, with the density map demonstrating den- 
sity for the additional phosphate moiety present 
in the D1 nucleotide-binding site (fig. S8). The 
most striking feature of this transition is the 
large-scale motion of the N domain away from 
the plane of the D1 hexamer. The structure of 
the N and D1 domains in conformation III is 
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Fig. 3. Cryo-EM structures at ~3.3 A, 
~3.2 A, and ~3.3 A resolution, respec- 
tively, of three distinct p97 conforma- 
tional states populated upon addition 
of ATPYS. (A to C) Side views of molecular 
surface models of the three states, color- 
coded to show the N, D1, and D2 domains 
in green, blue, and purple, respectively. The 
green arrows indicate the motion of the D2 
domain in the transition from conforma- 
tion | to Il (B) and the motion of the N 
domain in the transition from conforma- 
tion II to III (C). (D to F) Superposition of 
the polypeptide backbones of conforma- 
tions | and II in ribbon representation to 
illustrate that the N and D1 domains 
display similar conformations but that 
there are substantial differences in the D2 
domain, as indicated by the green arrows. 
The color scheme for conformation II is as 
in (A) to (C), with conformation | shown in 
orange. (G to I) Superposition of the 
polypeptide backbones of conformations II 
and III in ribbon representation to illustrate 
that the D2 domain is similar but that 
there are substantial differences in con- 
formation of the N and D1 domains, as 
indicated by the green arrows. The color 
scheme for conformation III is as in (A) to 
(C), with conformation Il now shown in 
orange. The insets in (D) and (G) show top 
views of the D1 domain; the insets in (E) 
and (H) show top views of the D2 domain, 
providing context for the superpositions 
shown in the main panels. 


essentially the same as that reported from x-ray 
crystallographic analysis of an isolated N-D1 frag- 
ment derived from a mutant p97 (33). The changes 
include rearrangements at the peripheral helix 
in D1 and its interface with the D2 domain, and 
movement of the N domain from its original 
isoplanar or “down” position to an “up” position, 
where it is rotated by ~'75° and displaced by ~14 A. 
This out-of-plane conformation of the N-D1 do- 
main and the double occupancy of both nucleotide- 
binding regions with ATPyS have not been reported 
in any of the full-length p97 structures solved by 
x-ray crystallography (16). Additionally, the pres- 
ence of ATPyS in conformations II and ITI results 
in the stabilization of the C-terminal helix of the 
D2 domain and extension of the traceable density 
from residue 763 to residue 768 (fig. S8, G to I). 
Our structural analyses thus show that the 
effect of ATPyS binding is a two-step, sequen- 
tial conformational change in the D2 and D1 
hexameric layers, respectively (Fig. 4A). Analysis 
of the images without imposition of six-fold 
symmetry shows that the majority of the mole- 
cules are in one of the three conformations ob- 
tained with the use of symmetry, indicating that 
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the structural differences among conformations 
I, II, and III are cooperative in nature (fig. S9). 
The location of the inhibitor-binding site at the 
interface of domains D1 and D2 suggests that in- 
hibitor binding prevents the nucleotide-driven 
conformational changes at the interface that are 
pivotal for p97 activity. To explore this further, we 
superimposed the structure of the p97-UPCDC30245 
complex onto that of the ATPyS-bound p97 con- 
formation II. The superposed models (Fig. 4B 
and fig. S8J) suggest that there would be steric 
clashes between the indole ring of the inhibitor 
and residues in the D2 loop (amino acid residues 
611 to 616). Even if there is some flexibility in the 
D2 domain that enables some level of binding, key 
interactions that enable the binding of UPCDC30245 
in the p97-ADP complex, such as that between 
the terminal fluorine atom and the backbone 
carbonyl Ser" (Fig. 2D), cannot be achieved in 
the ATPyS-bound state. These observations indi- 
cate that UPCDC302465 is a conformation-selec- 
tive inhibitor that preferentially binds the ADP 
state to act as a “wrench in the works.” 

The pivot-like movement of the D2 hexamer 
with ATPyS binding also affects pore dimensions 


Conformation II 
D1-ADP, D2-ATPyS 


D2,1 => Il 
Top View 


D2, Il => Ill 
Top View 


Conformation III 
D1-ATPyS, D2-ATPyS 


N, D1, D2,1 => Il 
Side View 


N, D1, D2, 11 => Ill 
Side View 


(Fig. 4C). Thus, with ATPyS binding, the diameter 
of the cytoplasmic face of the pore in the center 
of the D2 hexamer (measured by the o carbon of 
residue 755 in the 750-760 helix) contracts from 
~61 A to ~54 A (movie S2), whereas the average 
outer (~28 A) and inner (~6 A) diameters of D1 
are similar in the three conformations. Many of 
the residues that line the central pore are neg- 
atively charged and could be important in the 
context of binding of ubiquitylated substrates. 
The cavity at the center is large enough to ac- 
commodate substrates destined for degradation, 
but given that the changes in size with nucleotide 
binding are relatively small, our results are consist- 
ent with the suggestion (16) that substrates de- 
graded by p97 may not be threaded through the 
central axis across the length of the barrel. 

The ability to determine atomic-resolution 
structures for multiple conformational states that 
are present simultaneously in a dynamic molec- 
ular machine such as p97 is likely to be an in- 
creasingly common signature of the application 
of cryo-EM methods in structural biology. p97 
mediates its function in the cell by interacting 
with a large array of effector proteins, most of 
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which bind at the N domain, which undergoes 
alarge movement with ATP binding, as our present 
work and previous structural studies demonstrate 
(5, 18, 34-36). Cryo-EM studies could therefore 
be useful for a more detailed understanding of 
the structural basis of these interactions in nor- 
mal cells and in diseases such as cancer. Further, 
the delineation of the inhibitor-bound p97 structure 
provides another example [besides B-galactosidase 
(37)] of a regulatory metabolic enzyme where 
cryo-EM at ~2 A resolution enables visualization 
of structural detail such as hydrogen-bonded wa- 
ter molecules, with features comparable to those 
seen in model-based 2F 5,4, — Feaic Maps at similar 
reported resolutions obtained using x-ray crystal- 
lography (fig. S10). The discovery of the specific 
mode of binding of a compound that blocks p97 
activity provides new insights into the interactions 
and residues that are critical for function, and may 
enable the design of clinically useful inhibitors. 
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STRUCTURAL BIOLOGY 


Structural basis of lipoprotein signal 
peptidase II action and inhibition by 
the antibiotic globomycin 


Lutz Vogeley,’* Toufic El Arnaout,’* Jonathan Bailey,'* Phillip J. Stansfeld,” 
Coilin Boland,’ Martin Caffrey"+ 


With functions that range from cell envelope structure to signal transduction and transport, 
lipoproteins constitute 2 to 3% of bacterial genomes and play critical roles in bacterial 
physiology, pathogenicity, and antibiotic resistance. Lipoproteins are synthesized with a signal 
peptide securing them to the cytoplasmic membrane with the lipoprotein domain in the 
periplasm or outside the cell. Posttranslational processing requires a signal peptidase II (LspA) 
that removes the signal peptide. Here, we report the crystal structure of LspA from 
Pseudomonas aeruginosa complexed with the antimicrobial globomycin at 2.8 angstrom 
resolution. Mutagenesis studies identify LspA as an aspartyl peptidase. In an example of 
molecular mimicry, globomycin appears to inhibit by acting as a noncleavable peptide that 
sterically blocks the active site. This structure should inform rational antibiotic drug discovery. 


he threat of antibiotic resistance is recog- 
nized as a serious public health issue. Gov- 
ernments have introduced incentives to 
encourage work on anti-infectives by major 
drug makers in the face of a global rise in 
antimicrobial-resistant infections. 

The enzymes involved in bacterial lipoprotein 
posttranslational processing (Fig. 1) are essential 
in many pathogenic bacteria and have no equiv- 
alents in humans, making them potential drug 
targets (I-3). LspA, as a key enzyme involved in 
the posttranslational processing of lipoproteins in 
Pseudomonas aeruginosa, an opportunistic hu- 
man pathogen, is a target for antibiotic develop- 
ment (J, 4). LspA does not have sequence homology 
to proteins of known structure. Globomycin, an anti- 
biotic produced by select strains of Streptomyces, 
inhibits LspA (1). This cyclic depsipeptide (fig. S1) 
is an antimicrobial effective against Gram-negative 
bacteria. Synthetic analogs also inhibit the growth 
of Gram-positive bacteria, including methicillin- 
resistant Staphylococcus aureus (MRSA) (5). 

P. aeruginosa has 175 lipoproteins, and pre- 
sumably all are processed by LspA. The prolipopro- 
tein substrates of LspA are cleaved at a four-residue 
consensus sequence (LAGC, L°A?G'c*) known 
as the lipobox that always ends with a cysteine, 
and the consensus allows for limited variability 
of the first three residues. In the prolipoprotein 
form, the cysteine is in thioether linkage to di- 
acylglycerol (DAG). We refer to the dagylated 
cysteine as Cys*. The prolipoproteins consist 
of an N-terminal signal peptide that includes the 
first three residues of the lipobox and a C-terminal 
lipoprotein starting with the lipobox cysteine. 
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We sought to obtain a crystal structure of LspA 
so as to gain insights into its substrate binding 
and catalytic mechanisms. We conducted crys- 


tallization trials using recombinant LspA from 
P. aeruginosa (strain PAOI) expressed in Esche- 
richia coli. Affinity and size-exclusion chromatog- 
raphy provided material of high purity (fig. S2) (6). 
LspA was crystallized by means of the in meso 
(lipid cubic phase) method (7) in the presence of 
globomycin (fig. $2). A structure of the complex 
was obtained at a resolution of 2.8 A by using 
seleno-methionine, single-wavelength anomalous 
diffraction phasing (Fig. 2). The seleno-methionine 
derivative was produced through in vivo and cell- 
free expression. 

LspA is a small protein consisting of 169 amino 
acids (4). It is a monomer in the crystal. Struc- 
turally, the protein can be broken down into two 
domains, each assembled from secondary struc- 
ture elements from discontinuous stretches of the 
protein chain (Fig. 2). The first consists of four 
transmembrane helices (MH1-4), with the N- and 
C-termini in the cytoplasm. The second is the 
periplasmic domain, which has two subdomains. 
The bigger of the two is a four-stranded, amphi- 
philic B-sheet that rests on the membrane. The 
sheet has the appearance of a cupped hand or 
cradle (B-cradle) that extends away from the 
helical core of the protein. Its hydrophobic surface 
is in contact with the membrane, whereas its 
polar surface faces the periplasm. The second 
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Fig. 1. Posttranslational processing leading to lipoprotein maturation in Gram-negative bacteria. 
Lipoproteins are synthesized as preprolipoprotein precursors via the Sec or TAT pathways, with an 
N-terminal signal peptide (green cylinder) securing them to the cytoplasmic membrane and the lipo- 
protein domain (green square) in the periplasm. Posttranslational processing requires, at a minimum, the 
sequential action of lipoprotein diacylglycerol transferase (Lgt) to lipid modify with a diacylglycerol and 
signal peptidase II (LspA) to remove the signal peptide. For some lipoproteins, the lipoprotein N-acyl 
transferase (Lnt) is required to N-acylate the N-terminal cysteine of the lipoprotein. LspA cuts in the lipobox, 
a consensus sequence of form LAGC* in which C* (yellow oval) has been dagylated by Lgt, to the amino 
side of the C* Trafficking to the outer membrane uses the lipoprotein outer-membrane localization (Lol) 
pathway that involves the ABC transporter (LoICDE), a carrier chaperone (LolA), and a receptor (LoIB), itself 
a lipoprotein. Lipoproteins reside mostly on the outer leaflet of the inner membrane and on the inner leaflet 
of the outer membrane facing into the periplasm. Some are located facing and in the extracellular space. 
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subdomain consists of a long loop with a single 
helical turn, the periplasmic helix (PH). The PH 
also sits on the membrane, with the long axis of 
the periplasmic PH loop orthogonal to that of the 
B-cradle. 

Globomycin was modeled into a distinctive, 
donut-shaped region of electron density between 
MH2, MH3, and MHé4 on the periplasmic side of 
the membrane (Fig. 2D). The ligand density al- 
lowed unambiguous placement and orientation 
of the entire globomycin molecule, a 19-member 
cyclic depsipeptide that includes an a-methyl- 
B-hydroxy fatty acid, N-methyl-L-Leu (g-Leu), L- 
allo-Tle (g-Mle), L-Ser (g-Ser), L-adlo-Thr (g:Thr), and 
Gly (g-Gly) (fig. SIA) (5). Globomycin is amphi- 
philic, with g-Ser and g-Thr comprising the polar 
half while the hydroxy fatty acid, g-Leu, and g-Tle 
make up the apolar half. As expected, the apolar 
half of globomycin extends into the membrane, 
and its polar end faces the interface. In the un- 
bound state, molecular dynamics simulations 
(MDS) show globomycin partitions into the mem- 
brane oriented essentially as it is in the complex 
(fig. S3). The PH loop sits over and blocks direct 
access from the periplasm to the active site, sug- 
gesting that globomycin first partitions into the 
membrane and then diffuses laterally into the 
active site to inhibit the enzyme. Conserved res- 
idues decorate the globomycin-binding pocket 
(Fig. 3A), a region that has been implicated in 
peptidase activity. 

Globomycin is firmly anchored to LspA by 
hydrogen bonds and hydrophobic interactions 
(Fig. 3A and fig. S4). The most notable hydrogen 
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bond is that between the B-hydroxy of g-Ser and 
the carboxyl of Asp’, tentatively identified as 
one of the catalytic dyad aspartates (8). In MDS, 
this interaction persists throughout the 500 ns 
simulation. The backbone carbonyls of g-Leu, g-Ile, 
and g-Ser, to one side of the globomycin ring, face 
the protein and hydrogen bond with the side 
chains of strictly conserved Asn™ and Arg™®. 
The side chain of g-Leu, as well as the acyl chain 
of the hydroxy fatty acid, have extensive hydro- 
phobic interactions with apolar residues in the 
protein (Fig. 2D). These are particularly well de- 
veloped in the case of the fatty acid, which is in 
close contact with the membrane-exposed sur- 
face of the PH and with residues on MH2. MDS 
confirms these interactions (fig. S4). 

We investigated LspA by means of MDS in the 
complex and apo forms. In both, the enzyme was 
stable in a palmitoyloleoylphosphatidylethanol- 
amine (POPE): palmitoyloleoylphosphatidylglycerol 
(POPG) membrane through the 500 ns simulation 
(movies S1 and S2). In the apo form, simulations 
showed a minor rearrangement of the active site, 
with a network of hydrogen bonds emerging that 
involve Asn™, Asp™*, Asn™“©, Asp’, and Asn™, alll 
of which are strictly conserved residues. In ad- 
dition, there was enhanced flexibility of the PH 
loop, which moved laterally at the interface while 
remaining anchored to the membrane by highly 
conserved Phe” and Phe™. 

If globomycin in the complex indicates the 
active site in LspA, an examination of this part of 
the protein immediately suggests how the pro- 
lipoprotein substrate orients itself for binding 


and Michaelis complex formation. The signal pep- 
tide helix of the prolipoprotein is the right size 
and shape to slot into the space between MH2 
and MH4 of LspA (Fig. 3B). Upon signal pep- 
tide helix binding, the lipobox of the substrate 
would sit in the active site similar to the g-Leu- 
g-Ile-g-Ser tripeptide of globomycin (Fig. 3C) in 
the complex structure. The Cys* of the lipobox 
would now reside further up in the active site, 
positioning the lipoprotein in the periplasm 
(Fig. 3B). With this alignment, the scissile Gly- 
Cys* bond is extended and positioned between 
the carboxyls of the proposed catalytic residues, 
Asp and Asp’. The DAG modification on Cys*, 
with its long hydrophobic chains, must remain 
anchored in the membrane. An indication as to 
where its glycerol head group and one of the acyl 
chains might reside comes from a lobe of elec- 
tron density modeled in the complex structure 
as a monoacylglycerol (MAG, the host lipid used 
for crystallization), which sits to one side of the 
active site in a groove between MH4 and the 
B-cradle (fig. S5). Although host lipid density, 
at 2.8 A resolution, is often poorly and incom- 
pletely defined, density for the active-site lipid is 
clearly present in all four molecules of the asym- 
metric unit extending to C7 or C8 of the MAG 
acyl chain in omit maps. We suggest that one of 
the DAG acyl chains of the prolipoprotein sub- 
strate occupies a similar position on LspA, helping 
position and orient the scissile bond in the active 
site. The above model for how the prolipoprotein 
substrate interacts with LspA is supported by MDS 
(Fig. 3B and movie S3). 


Fig. 2. LspA-globomycin complex structure. 
(A) Illustration of LspA viewed from within the mem- 
brane, with the membrane interface shown as hori- 
zontal lines and globomycin as a stick figure (yellow 
carbons). Transmembrane helices are labeled MH1 
to MH4. The B-stranded cradle (labeled) at the 
membrane interface is poised to accommodate 
the soluble domain of the prolipoprotein substrate 
and lipoprotein product. The C-terminal “strand” of 
the B-cradle leading into the proposed active site is 
interrupted by conserved Pro!” and does not con- 
form to standard B-sheet hydrogen-bonding pat- 
terns. (B) As in (A), rotated by ~60° (C) As in (A), 
viewed from the periplasm. (D) 2Fo-Fc simulated- 
annealing composite OMIT map contoured at lo and 
carved at 2.3 A around globomycin. Proposed 
catalytic aspartates, Asp'** and Asp"“°, are shown 
on either side of the B-hydroxyl of globomycin 
serine (g-Ser). Globomycin and catalytic aspartates 
are shown in stick representation with yellow and 
dark blue [(A) to (C)] or light blue (D) carbons, 
respectively. 
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Residues 56 to 62, which include the PH, are 
highly conserved. This stretch of protein sits on the 
surface of the membrane directly over the active 
site (Fig. 2) and constrains extension of the sub- 
strate from the active site to the periplasm to a 
deep cleft between the B-cradle and PH loop sub- 
domains. In this model, the Cys* of the substrate 
is clamped between the B-cradle and the PH loop, 
with the dipole of the PH aligned with the carbonyl 
oxygen of Cys* (Fig. 3B). 

Despite lacking the consensus Asp-Thr-Gly se- 
quence of aspartyl proteases (9), LspA has been 
tentatively identified as an aspartyl endopeptidase 
(8). In the absence of evidence to the contrary, we 
assume here that the catalytic mechanism is as 
described for other aspartyl proteases (9). Accord- 
ingly, we envision Michaelis complex formation 
involving a conjunction in the active site of two 
aspartates, a catalytic water and the scissile bond. 
Using globomycin to demark the active site, two 
aspartate residues, Asp“ and Asp™”, with suitably 
poised side chain carboxyls are apparent in the 
structure that, in all likelihood, represents the 
catalytic dyad (Figs. 2 and 3). We propose there- 
fore that these aspartates play a general acid-base 
role, with the one closest to the proposed water 
[not seen in the complex but apparent in MDS 
(movie S4)] being charged and abstracting a pro- 
ton from it, creating a nucleophile (fig. SIC). The 
nucleophile attacks the carbonyl carbon of the 


Fig. 3. Conserved residues in and 
globomycin and prolipoprotein 
binding to LspA. (A) Conserved 
residue surface representation of 
LspA based on an analysis of 485 
orthologs with 35 to 95% sequence 
identity with P. aeruginosa (PAO1) 
LspA by using the ConSurf server 
(15). (i) View into the globomycin 
binding site. (ii) As in (i), rotated by 
180° LspA in surface representation 
is colored by conservation value; light 
blue, white, and purple correspond to 
low, average, and high conservation, 
respectively (15). Residue conserva- 
tion values are reported in the sup- 
plementary materials (database S1). 
Globomycin and MAG are indicated as 
sticks with yellow and gray carbons, 
respectively. (B) Model of the proli- 
poprotein prolCP from P. aeruginosa 
docked into LspA. The signal peptide 
helix (SP, green) docks into the pocket 
created by MH2, MH3, and MH4. The 
lipobox cysteine, Cys* (sulfur; yellow), 
is dagylated (gray sticks), and the 
lipoprotein (purple) extends across 
the B-cradle into the periplasm. The 
complex, as shown, is stable in MDS, 


scissile bond, forming a tetrahedral intermediate. 
Protonation of the amide nitrogen in the scissile 
bond and rearrangement causes the tetrahedral 
intermediate to collapse and hydrolysis products 
to form. Separation of the substrate’s binding moi- 
eties by means of proteolysis would logically result 
in a sharply lower binding affinity of the two re- 
action products as compared with substrate. The 
lipoprotein product is anchored in the membrane 
only by the DAG chains of its C-terminal Cys* and 
should readily diffuse out of the active site, reset- 
ting LspA for another round of catalysis. When it 
occurs, further processing of the signal peptide 
and lipoprotein products of the LspA reaction in- 
volves signal peptide peptidases and N-acylation 
by lipoprotein N-acyl transferase (Lnt), respectively 
(Fig. 1). 

Many aspartyl proteases are important drug 
targets. The hypertension regulator renin (10, 17) 
and HIV protease (9, 12) are examples. Of the 
thousands of inhibitors designed to target aspar- 
tyl proteases, most contain a noncleavable core 
structure of the hydroxyethylene or hydroxyethyl- 
amine type designed to recapitulate the tetrahedral 
intermediate in the proteolytic reaction (fig. S2B) 
(9). For those that have been crystallized bound 
to target proteases, the hydroxyl group sits be- 
tween and is within hydrogen bonding distance 
of the two catalytic aspartates. Strikingly, the 
hydroxyethylamide of g-Ser in globomycin incor- 


porates elements of a noncleavable transition-state 
isostere (fig. S1). In the complex, the hydroxyl group 
of g-Ser nestles between and hydrogen bonds with 
the two catalytic aspartates, Asp’’* and Asp‘*” 
(Fig. 3C). This suggests that part of the globo- 
mycin molecule likewise mimics a noncleavable 
transition state analog (fig. SI) and that the anti- 
biotic is a competitive inhibitor of LspA. Further 
mimicking other features of the prolipoprotein 
substrate, globomycin contains the peptide back- 
bone and side chains corresponding to the P™, P~, 
and P”’ sites relative to the scissile bond in the 
lipobox. As noted, this feature of globomycin has 
been used to model a convincing lipobox and pro- 
lipoprotein into the substrate binding and active 
sites of LspA (Fig. 3, B and C). The prolipoprotein 
model has been exploited successfully in MDS 
(Fig. 3B and movie S3). 

An analysis of deduced amino acid sequences 
of LspAs from 485 organisms having between 35 
and 95% sequence identity with the signal pepti- 
dase II of PAO] identified 14 strictly conserved 
residues (D23, K27, N54, G56, G108, A109, N112, 
R116, V122, D124, F139, N140, A142, D143). (Single- 
letter abbreviations for the amino acid residues 
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; 
N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, 
Trp; and Y, Tyr.) The bulk of these map onto the 
proposed binding and active sites in the LspA 


especially in the region of the signal peptide helix and the lipobox. Full details 
of docking and simulations are available in the suppplementary materials, 
materials and methods. Catalytic dyad Asp“? is shown as transparent sticks, 
with light blue carbons. (©) The g:Leu-g:lle-g-Ser tripeptide of globomycin 
mimics the first three residues in the substrate’s conserved Leu-Ala-Gly-Cys 
lipobox tetrapeptide. (i) Globomycin (yellow carbons) alone in the binding 
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pocket of LspA with its g-Leu-g-lle-g-Ser tripeptide clearly visible. (ii) As in (i), 
with the dagylated lipobox tetrapeptide from prolCP (green carbons) aligned 
with and superposed on the globomycin tripeptide backbone. (iii) As in (ii), 
with globomycin omitted and the signal peptide (SP; green) and lipoprotein 
(LP; purple) extensions to the lipobox tetrapeptide in place. In the interests of 
clarity, (ii) has been left unlabeled. 
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complex (Fig. 3A). This lends credence to the 
location of both sites in the protein as identified 
in the complex structure. All strictly conserved 
polar residues are involved in a hydrogen-bonded 
network extending into the membrane between 
the two periplasmic subdomains (fig. S6), which 
serves multiple purposes. It provides structural 
integrity and definition to the active and binding 
sites. At the same time, it positions and orients 
active-site residues optimally for K, modulation 
(where K, is the acid dissociation constant) and 
catalysis. Such a hydrogen-bonded network of 
polar residues facilitates access to the active site 
for catalytic water molecules from the periplasm, 
which was confirmed with MDS (movie S4). 
Mutagenesis studies performed on LspA from 
Bacillus subtilis identified six amino acids— 
corresponding to Asp*’, Asn", Asp™, Asn™°, Ala, 
and Asp“ in P. aeruginosa—as being jemortait 
for activity (8). Only Asp”? was required for sta- 
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Fig. 4. Endopeptidase activity of LspA with the substrate prolipoprotein, 
generated in situ, based on the preprolipoprotein ICP. (A) Reaction 
time course. (B) Dependence on LspA concentration. (C) Inhibition by globo- 
mycin. (D to F) Quantitative representation of the data in (A), (B), and (C), 
respectively, based on SDS-PAGE gel image analysis. Lines are drawn to guide 
the eye. (G) Effect of single-site mutations in LspA. A schematic to aid in the 
interpretation of the SDS-PAGE data is presented in fig. S7A. (H) Quantitative 
representation of the data in (G) based on gel image analysis. Assays were 
performed by using prolCP (pICP) generated in situ by the DOPG-dependent 
dagylation of pre-prolCP (pplCP) catalyzed by Lgt (suppplementary materials, 
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bility, suggesting that the other five residues were 
needed for catalysis, active-site geometry, or the 
recognition of prolipoproteins (8). Four of the 
five residues map onto the proposed active site 
in the LspA-globomycin complex in ways that 
make sense. However, Asp” is a highly con- 
served residue on the periplasmic end of MH3 
(fig. S6). It coordinates with conserved Lys’, 
which interacts indirectly with catalytic Asp‘? 
via conserved Asn", Mutating Asp” to Ala in- 
hibited peptidase activity in the Tjalsma e¢ al. 
study (8), and Asp" and Asp™? were therefore 
proposed to form the catalytic dyad. In light of 
the current structure, this is unlikely. We con- 
clude that the catalytic dyad is Asp’* and Asp™”. 
Both are strictly conserved and suitably disposed 
for proteolysis. 

To test this hypothesis, we analyzed peptidase 
activity of LspA by means of SDS-polyacrylamide 
gel electrophoresis (SDS-PAGE), with the dagy- 
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lated form of the preprolipoprotein inhibitor of 
cysteine peptidase (ICP) (13) as substrate (Fig. 4). 
Dagylation was effected through the action of 
Lgt on ICP with dioleoylphosphatidylglycerol 
(DOPG) as lipid substrate. The undagylated pre- 
prolipoprotein was not an LspA substrate (fig. S7C). 
Under standard assay conditions, wild-type LspA 
activity was evident by the appearance of bands 
corresponding to the dagylated lipoprotein (13 kDa) 
and the signal peptide (4 kDa). Asp’*Asn and 
Asp“*Asn mutants were devoid of activity, which 
is consistent with the hypothesis that Asp’”* and 
Asp™* are the catalytic dyad residues (Fig. 4, G 
and H). In contrast, the Asp™Ala and Asp™ Asn 
mutants had small and significant activities, re- 
spectively, suggesting that this residue is func- 
tionally important but not catalytic. MDS revealed 
transient interactions involving Asp™’ not seen 
in the crystal structure and provide a plausible 
explanation for how these two mutations 
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materials and methods). The Lgt substrate pre-prolCP appears as two closely 
spaced bands (ppICP and ppICP’) (fig. S7A), with the higher-molecular-weight 
band the stronger of the two [best seen in (G)]. The relative intensities of the 
two bands vary from prep to prep, which is apparent in (A) to (C) and (G). The 
LspA product ICP also runs as a pair of bands (ICP and ICP’) (fig. S7A). It is 
the integrated intensity of the well-resolved ICP band that is quantified on the 
gel by using ImageJ and reported in (D) to (F) and (H). The mobility of LspA is 
very similar to that of ppICP: The mobility of the LspA mutants differs slightly 
from that of the wild-type enzyme, which (G) makes them visible on the gel to 
varying degrees, depending on the mutant (fig. S7B). 
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compromise catalysis to different degrees (movie 
$5). The Arg™°Ala mutant was inactive, as ex- 
pected given Arg™”s interaction with globomy- 
cin and its proposed role in orienting the lipobox 
backbone of the peptide substrate in the active 
site. Globomycin inhibited the enzyme (Fig. 4C). 

Synthetic analogs of globomycin have been 
tested for efficacy against a number of bacterial 
species as part of a structure-activity relationship 
study (7). The most effective congeners, which 
were 10 times more potent than globomycin, were 
modifications in which the fatty acyl chain was 
lengthened. This finding makes sense in light of 
the complex structure in which a longer chain 
would provide for more extensive interactions 
with the apolar surface of MH2 (Fig. 2). The hy- 
droxyl group in g.Ser was shown to be essential 
for globomycin inhibitory activity, which agrees 
with this residue’s proposed role in sterically 
blocking the active site. 

P. aeruginosa has 175 different lipoproteins 
(4). Their signal peptide and lipoprotein parts 
differ greatly in size, sequence, and structure, 
and of the four residues in the lipobox consensus 
sequence, only the cysteine is strictly conserved. 
A feature common to all prolipoproteins is the 
dagylated lipobox cysteine in which the lipo- 
protein, the signal peptide, and the DAG mod- 
ification converge (Fig. 3B). The LspA structure 
reported here has grooves and clefts radiating 
about the active site with remarkable shape com- 
plementarity to this trigonal feature of the pro- 
lipoprotein substrate (fig. S8). Upon docking, the 
scissile bond of the substrate sits in the active 
site of the enzyme poised for cleavage. Thus, 
although LspA is highly specific in terms of the 
proteolytic reaction it catalyzes, its impressive 
array of diverse substrates can be explained by 
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a shape complementarity around the scissile 
bond likely shared by all prolipoproteins. 

The complex structure reported here can be 
used to inform the design of globomycin analogs 
with improved binding, efficacy, selectivity, and 
pharmacokinetic properties. As an alternative, 
because LspA is an aspartyl endopeptidase, it is a 
suitable target with which to explore the thou- 
sands of inhibitors developed for other medically 
relevant aspartyl proteases (9, 72). Although the 
sequence identity of LspA from P. aeruginosa and 
MRSA is only 32%, the majority of active-site 
residues are conserved. MDS of both the apo and 
globomycin-bound homology models of MRSA 
LspA show remarkable stability and fidelity to 
the observed dynamics of the crystal structure of 
P. aeruginosa LspA (fig. S9). Together with the 
crystal structure presented here, these homology 
models should also prove useful for the design 
and discovery of antibiotics targeting Gram- 
positive as well as Gram-negative bacteria. 

Conserved residues in LspA surround the pro- 
posed active site where globomycin binds. They 
are networked to such a degree (fig. S6) that 
mutations interfering with antibiotic binding 
there would likely also impair how the enzyme 
binds and cleaves substrate. Because antibiotics 
that do not elicit resistance are invaluable medi- 
cally (14), lessons in effective drug design might be 
learned from the Actinomycetes, microbes that 
may well have achieved this in globomycin. 
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CELL SIGNALING TECHNOLOGY 


EPIGENETICS: 
DISCOVERY THROUGH VALIDATION 


69:4)229 


CST antibodies for epigenetic-related targets, 
including histone modifications, epigenetic 
regulators, and general transcription factors. 


CST antibodies validated for ChIP according 
to ENCODE* Consortium guidelines. 


Validated Tools for Discovery: 


» SimpleChiP® Kits to facilitate Chromatin IP from 
cells and tissue. 


» PTMScan® Kits and Services to enable MS-based 
discovery of methylated and acetylated proteins. 


» Most ChIP-validated antibodies approved for 
additional applications like IHC, Flow, IF and WB. 


Molecular model of chromatin. 
Learn more at: www.cellsignal.com/epigeneticdiscovery 


*Landt S.G. et al. (2012) Genome Res. 22, 1813-1831. 
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aA UNIVERSITY OF 
2 LIVERPOOL 


Faculty of Science and Engineering 
Materials Innovation Factory (MIF) 


Chair, Reader/Senior 
Lecturer, Lecturer in 
Materials Research 
(Full-Time or Part-Time) 

Post 1: Chair - Salary Negotiable 


Post 2: Reader/Senior Lecturer Grade 9 
£50,702 - £62,323 pa (or pro rata) 


Post 3: Lecturer Grade 7/8 


online @sciencecareers.org 


For recruitment in science, there’s only one Science 


Science Careers Advertising 


For full advertising details, go to ScienceCareers.org and 
click For Employers, or call one of our representatives. 
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Tracy Holmes 

Worldwide Associate Director, Science Careers 
Phone: +44 (0) 1223 326525 

THE AMERICAS 

E-mail: advertise@sciencecareers.org 
Fax: +1 (202) 289 6742 

Tina Burks 

Phone: +1 (202) 326 6577 

Nancy Toema 

Phone: +1 (202) 326 6578 

Online Job Posting Questions 

Phone: +1 (202) 312 6375 
EUROPE/INDIA/AUSTRALIA/NEW ZEALAND / 
REST OF WORLD 

E-mail: ads@science-int.co.uk 

Fax: +44 (0) 1223 326532 

Sarah Lelarge 

Phone: +44 (0) 1223 326527 

Kelly Grace 

Phone: +44 (0) 1223 326528 

Online Job Posting Questions 

Phone: +44 (0) 1223 326528 


APAN 

Katsuyoshi Fukamizu (Tokyo) 
E-mail: kfukamizu@aaas.org 
Phone: +81 3 3219 5777 
Hiroyuki Mashiki (Kyoto) 
E-mail: hmashiki@aaas.org 
Phone: +81 75 823 1109 


Ruolei Wu: 
Phone: +86 186 0082 9345 
E-mail: rnwu@aaas.org 


£32,600 - £49,230 pa (or pro rata) 


The University is seeking to recruit to up to 10 academic 
positions in the Faculty of Science and Engineering 

in the broad area of materials research, distributed 
across the School of Physical Sciences (Chemistry, 
Physics & Mathematics), School of Engineering, 

the School of Electrical, Electronic Engineering and 
Computer Science, and the School of Environmental 
Sciences across the areas of Chemistry, Physics, 
Materials Science, Engineering, Computer Science. 

You should have an outstanding research track record, 
as demonstrated by publications and other relevant 
outputs. Applications will be considered from any 

area of materials research, but would be particularly 
welcomed in the areas of computational materials 
chemistry, polymer physics, rheology, robotics and/ 

or automated metrology, biomaterials, materials 
processing and related areas. The posts will be aligned 
with the Materials Innovation Factory (MIF), a major new 
£68m research institute that is being established at the 
University. For the Chair or Readership positions you will 
be expected to demonstrate a significant track record of 
funding and a capacity for leadership in your field. 


The University is an Athena SWAN Bronze Award 
holder and is committed to encouraging, developing 
and supporting women in their research and academic 
careers. We are working to create an inclusive 
environment which values a diverse workforce and we 
recognise that many individuals value flexibility in their 
work/life balance, therefore these posts may be taken 
up on a part-time (a minimum of 0.5fte) or full-time 
basis (including a job share). 

Job Ref: A-590406/S Closing date: 11 April 2016 


All ads submitted for publication must comply with applicable 
U.S. and non-U.S. laws. Science reserves the right to refuse any 
advertisement at its sole discretion for any reason, including 
without limitation for offensive language or inappropriate 
content, and all advertising is subject to publisher approval. 
Science encourages our readers to alert us to any ads that 

they feel may be discriminatory or offensive. 


Science Careers 


FROM THE JOURNAL SCIENCE JAYAAAS 


For full details, or to request an application pack, 
visit www.liv.ac.uk/working/job_vacancies/ 
or e-mail jobs@liv.ac.uk 


Please quote job ref in all enquiries. 


COMMITTED TO DIVERSITY AND EQUALITY 
OF OPPORTUNITY 


LIFE CHANGING 
World Shaping 


ScienceCareers.org 


Oak Ridge National Laboratory 
seeks Associate Laboratory 
Director for Energy & 
Environmental Sciences 


The successful candidate will hold a PhD and have a proven 
scientific and organizational leadership record within field of 
expertise. The candidate should be able to demonstrate national or 
international recognition in science and should possess a 
reputation for development of scientific and organizational leaders. 
The Associate Laboratory Director (ALD) leads an organization of 
approximately 600 staff and $400M in annual funding for the 
energy and environmental science research in support of 
Department of Energy (DOE) missions. The ALD is a member of the 
senior management team, reporting to the ORNL Director. The ALD 
will provide leadership to expand scientific knowledge and develop 
innovative strategies to strengthen ORNL's leadership for delivering 
world class scientific solutions to environmental, engineering, and 
manufacturing dimensions of energy and climate. The ALD will 
provide scientific leadership of complex research programs 
spanning basic to applied disciplines with a focus on successful 
implementation and execution of scientific strategy. The ALD will 
work across directorates to provide leadership support and 
engagement for interdisciplinary institutes established to integrate 
diverse staff and world class resources across the Laboratory. Broad 
experience in helping to develop and implement strategies at the 
national and DOE program levels is highly desirable. aH 4 rh gal 


http://bit.ly/EESD_ALD Ok Bis 
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Vienna University of Technology 


Vienna Doctoral Programme on 
Water Resource Systems 


The Centre for Water Resource Systems at the Vienna University of Technology 
announces competition for the third intake of doctoral candidates for 
the Doctoral Programme on Water Resource Systems. The programme is 
anticipated to host a total of 70 doctoral students over a period of 12 years. This 
is a dedicated programme of the Austrian Science Fund (FWF) that promotes 
doctoral research and education at the highest standards and provides excellent 
opportunities for cross-disciplinary research. International networking is 
facilitated by a mobility programme with a spectrum of attractive international 
partner institutions and a comprehensive guest scientist programme. 


Seven PhD student positions are available in the following research themes 
related to Water Resource Systems: 

° Flood-hydrology . Environmental economics 

. Aquatic microbiology Environmental engineering 

e Micro-meteorology e Soil moisture remote sensing 

° Socio-hydrology . Mechanics of structures 
Applicants must have a Master’s degree (or equivalent), preferably in a 
subject related to water resource systems. The working language of the 
programme is English. Students are expected to work across disciplines 
and in cooperation with others. A capacity and willingness to integrate and 
collaborate is essential. 


The Programme provides a salary according to the FWF scheme (approx. EUR 
20000/year net), together with health and social security benefits. There is 
also significant allowance for travel and research support. TU Wien is an Equal 
Opportunities Employer. The preferred starting date is Oct. 1, 2016. 


Candidates should send a letter of application, a statement of research 
interests, a Curriculum Vitae, and copies of education certificates including 
transcripts of grades as a single .pdf file to: office@waterresources.at. 


Application deadline is April 30, 2016. Short listed candidates will be invited 
to a selection seminar. Financial support towards travel expenses is available 
on request. 


Information about the Doctoral Programme on Water Resource Systems may 
be viewed at http://waterresources.at 


MAX-PLANCK-INSTITUT FUR 


BIOPHYSIKALISCHE CHEMIE 
KARL-FRIEDRICH-BONHOEFFER-INSTITUT 
GOTTINGEN 


The Department for Molecular Biology (Director: Prof. Dr. Patrick Cramer) at the 
Max Planck Institute for Biophysical Chemistry invites applications for a 


Scientist Position (m/f) “biological electron microscopy” 
(Code Number 05-16) 


The Max Planck Institute for Biophysical Chemistry is upgrading and expanding 
its facilities for high-end biological cryo-electron microscopy. A new FEI Titan 
Krios microscope equipped with K2 and Falcon-III direct detectors will be installed 
soon and used by several groups at the institute. The candidate will operate the 
new microscope and perform advanced single-particle cryo-electron microscopy. 
He/she will be involved in cutting-edge structural biology research projects and 
will train PhD students and postdoctoral researchers in sample grid preparation 
and data collection. The scientist should also advise on data processing and manage 
collaborations. He/she will have opportunities to develop and apply emerging 
EM-based structural biology techniques, and to extend our efforts towards cryo- 
electron tomography. The scientist will closely interact with the newly established 
Department of Structural Dynamics (Director: Holger Stark) that hosts electron 
microscopes at the institute. 

We look for a team-oriented person with a PhD in the natural sciences and relevant 
experience. We offer a stimulating environment and a long-term perspective. The 
working language is English. 

The Scientist Position is limited to two years, but intended to become permanent. 
The payment and benefits are based on the German TV6D guidelines. 

The Max Planck Society is committed to increasing the number of individuals with 
disabilities in its workforce and therefore encourages applications from such quali- 
fied individuals. 

Furthermore, the Max Planck Society seeks to increase the number of women in 
those areas where they are underrepresented and therefore explicitly encourages 
women to apply. 

Please send your application including cover letter (explaining background and 
motivation), CV, list of publications, and contact information for two referees prefer- 
ably via e-mail as single PDF file in relation to the code number 05-16 until March 15", 
2016 to: ausschreibung05-16@mpibpe.mpg.de 

Max Planck Institute for Biophysical Chemistry 

Department of Molecular Biology 


Ms. Janine Koschmieder 

Am Fassberg 11, D-37077 Gottingen m r 
Phone +49 551 201-2800 audit familengerechte 
Web _ http://www.mpibpe.mpg.de/cramer 


hachschule 


NC STATE UNIVERSITY 


Analytical Chemistry Faculty Positions 
Department of Chemistry 


The Department of Chemistry at NORTH CAROLINA STATE 
UNIVERSITY is seeking to fill TWO tenure track faculty positions in the 
area of Analytical Chemistry. Of particular interest are those individuals 
developing innovative and sophisticated programs in measurement science 
to quantitatively characterize complex chemical and biological systems. 
These are open rank searches; however, preference will be given to 
candidates at the junior level whose research interests will complement 
existing programs in the Department, College of Sciences, and University. 


Successful candidates are expected to establish a nationally and 
internationally recognized research program and to demonstrate strong 
interests and abilities in teaching at both the undergraduate and graduate 
levels. Candidates must possess a PhD and postdoctoral experience in 
Chemistry or a related scientific field to be considered for this position. 
Candidates should submit electronic copies of their curriculum vitae, 
research proposals, and a cover letter at: http://jobs.ncsu.edu under 
position number 00105377. The candidates should also arrange to have 
three letters of recommendation sent on their behalf to Professor David 
C. Muddiman, Chair of the Search Committee. Review of applicant 
materials will begin on March 15, 2016 and will continue until the 
positions are filled. 


We welcome the opportunity to work with candidates to identify 
suitable employment opportunities for spouses or partners. AA/ 
EOE. All qualified applicants will receive consideration for 
employment without regard to race, color, national origin, religion, 
sex, gender identity, age, sexual orientation, genetic information, 
status as an individual with a disability, or status as a protected 
veteran. Individuals with disabilities requiring disability-related 
accommodations in the application and interview process, 
please call 919-515-3148. 
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Y % Bioengineering Faculty Position: Caltech 
Pasadena, CA, United States 


The California Institute of Technology invites applications for a tenure- 
track professorial position in the Division of Biology and Biological 
Engineering. Bioengineering research at Caltech focuses on the 
application of engineering principles to the design, analysis, construction, 
observation and manipulation of biological systems, and on the discovery 
and application of new engineering principles inspired by the properties 
of biological systems. 


Applications are invited in any area of bioengineering research. 
Candidates with strong commitments to research and teaching excellence 
are encouraged to apply. Initial appointments will be made at the assistant 
professor level for four years and are contingent upon completion of the 
Ph.D. degree. 


The Bioengineering Option (http://www.be.caltech.edu) includes faculty 
from the Divisions of Biology and Biological Engineering (http://www. 
bbe.caltech.edu), Chemistry and Chemical Engineering (http://www. 
cce.caltech.edu), Engineering and Applied Science (http://www.eas. 
caltech.edu), and Physics, Mathematics, and Astronomy (http://www. 
pma.caltech.edu). 


Please submit online application at http://bbe.caltech.edu/Positions 
and include a brief cover letter; curriculum vitae; relevant publications, 
a description of proposed research; and a statement of teaching interests. 
Instructions will be given for submission of letters of reference when 
you apply on-line. 


Position will remain open until filled, however, applications completed 
by March 31, 2016 will be assured of receiving full consideration. 


EOE of Minorities/Females/Protected Vets/Disability. 


EMBL 


EMBL is a European-scale centre of excellence in life science research, services and training and one 
of the highest ranked scientific research organisations in the world. EMBL is international, innovative 
and interdisciplinary — its 1,600 employees, from over 80 nations, operate across six sites in Germany, 
France, Italy, Spain and the UK: the main laboratory in Heidelberg, and outstations in Hamburg; 
Grenoble; Monterotondo, near Rome; Barcelona; and Hinxton, near Cambridge (the European 
Bioinformatics Institute). Founded in 1974, EMBL is an inter-governmental organisation with a 
current annual budget of roughly 200 million Euro funded by public research monies from its member 
states. The cornerstones of EMBL’ mission are: to perform basic research in molecular biology; to train 
scientists (internal and external) at all career levels; to offer vital services to scientists in the member 
states; to develop new instruments and methods in the life sciences and actively engage in technology 
transfer activities; to promote integration in European life science research; and to offer a platform for 
dialogue with the general public through science communication activities. 


Director General 
European Molecular Biology Laboratory (EMBL) 


EMBL seeks an experienced, inspirational and dynamic leader to serve as its next APPLICATION INSTRUCTIONS 
Director General. The EMBL Director General (DG) reports to EMBL Council, the 


member state body that governs EMBL, and is responsible for the development Applications should be submitted 
of the overall policy and strategy across the organisation and for establishing as a single pdf-file containing 
consensus around EMBL’s five-year programmes and corresponding funding a letter of motivation, short CV, 
frameworks. At a time of unprecedented opportunities in the life sciences, the evidence of the required 

future DG will work with EMBL Council to chart a strategic course for EMBL, to leadership skills, and a list of 
ensure it sustains and evolves its missions according to the needs of the scientific 20 key research publications, to: 
community in the member states, and to consolidate and strengthen its position applications.embl@ 

as Europe’s centre of excellence in life science research, services and training. mpibpc.mpg.de 

The DG is responsible for the implementation and execution of Council decisions, before April 30, 2016. 


and to provide accurate information on EMBL’s activities and high-level scientific 
expertise to internal and external advisory bodies. 


As the chief executive officer and legal representative of EMBL the DG guides 
and oversees the evolution of EMBL’s role, missions and programmes according 
to the needs of the scientific community and broader European society with 
respect to the molecular life sciences. The DG conducts EMBL activities with 

the aim of achieving the full potential of the Laboratory and supporting the life 
sciences in Europe for the benefit of all stakeholders. The DG is responsible for 
overall leadership, strategic direction and management. He/she provides 
intellectual leadership for the multidisciplinary and international community of 
EMBL staff and fellows. The DG, assisted by the EMBL Directorate and Senior 
Management, has overall responsibility for the Laboratory’s day-to-day operations 
and the performance of all parts of the organisation. The DG is the spokesperson 
for EMBL and serves as an advocate and communicator with all stakeholders and 
interested parties including the scientific community, policy makers, industry 
groups, funding organisations, the media and the general public. 


Candidates for this position will have: 

e an outstanding record in research and service provision in any area of molecular 
life science; 

e a broad interest in and understanding of the molecular life sciences; 

e an excellent overview of the European life science research and policy landscape; 

© aproven record of senior management experience with significant experience, 
preferably international, in research and academic administration; 

e aleadership style that is both inclusive (participatory) and directive; 

e a demonstrated record of successful fundraising, programme development, 
faculty recruitment and mentoring, and organisational management; 

e effective communication skills and the ability to interact and negotiate productively 
with many categories of people at different levels, both inside and outside EMBL; 

e fluent written and spoken English, other member state languages, in particular 


German and French, are an advantage. www.embl.org 


online @sciencecareers.org 


‘¢ Careers 


| 


— 
= 
— 
= 
A 
= 
4 
4 


WORKING LIFE 


By Roc Ordman 


886 


Room for a new generation 


ack in the 1980s, when I began my research on human aging, I believed that within the 

next few decades we would find a way to live 300 years with healthy minds and bodies. I 

optimistically planned to hold a professor position for about 30 years, retire for 5 years, go 

back to school for a fresh education for 4 years, and start a new career for 20 more—repeating 

this cycle many times. But a year ago, when I was 66 years old, the liberal arts college where 

I had spent most of my career offered me a generous retirement package. By then, no longer 
certain of reaching 300, I was happy with my relatively long career. Nonetheless, being presented 
with the option to retire took me by surprise, and I was dismayed to be asked to leave. 


My first struggle was whether to 
accept the offer. “Should I aban- 
don a well-paid, tenured teach- 
ing position that I dearly love?” I 
asked myself. I would miss meet- 
ing and teaching interesting new 
students each year. But during the 
past few years, I had read so much 
about the scarcity of professor 
positions that I knew that some 
of those students I loved teach- 
ing, and many others, were now 
talented young scientists who 
wanted my job. I also knew they 
would cost my institution, which 
I greatly value, far less than I did. 

The offer, which was presented 
to me as “the opportunity to do 
the many other things you have 
wanted to do,” had its appeal. I 
would be able to devote myself to 
research on the human health span 
without the obligations of teaching and the administrative 
duties connected with being a faculty member. And I still felt 
energetic and ready to tackle new career challenges. 

The conditions also seemed right. My personal financial 
situation was robust enough that I could make ends meet if 
I retired. As for research, I mostly wanted to pursue clini- 
cal trials, which would not require lab space. I negotiated 
access to the institutional review board for clinical trial ap- 
proval, and the college also agreed to continue managing 
my research funds. I signed the retirement agreement. 

What surprises lay ahead of me! 

I missed being in a classroom full of enthusiastic stu- 
dents even more than I had expected. To fill the void, I 
became a substitute science and math teacher in local 
public schools. Another challenge was finding ways to stay 
physically and mentally engaged now that I wasn’t going 
to college every day. I started taking yoga, karate, and sing- 
ing lessons and spending more time reading science, nutri- 


“My current approach is 
to team up with a younger 
professor.” 


tion, and consciousness journals. 

But finding grants for the re- 
search I want to do has proved to 
be the greatest struggle. The col- 
lege has a grants officer, but she 
is busy assisting current faculty 
members, so Iam on my own. And 
although there are many grant 
sources designated for young sci- 
entists, there are few for older 
ones, especially retirees, who are 
taking new directions. Seeking 
just $200,000 to run a clinical 
trial on a cancer treatment has 
been an ongoing struggle. 

My current approach is to team 
up with a younger professor who 
agreed to be my co-principal inves- 
tigator on a grant proposal. We are 
still waiting to find out whether 
we will receive funding, but even 
though the odds are long, I feel 
that partnering has made the proposal all the stronger. 

Finding where I fit in the scientific community and how 
I can best continue to contribute has been difficult—and I 
am not alone. With so many senior faculty members near- 
ing retirement age but not yet ready to abandon science, 
it would be wonderful if institutions, granting bodies, and 
scientific societies would recognize what we have to offer 
and give us more support. They could, for example, set up 
grant centers, job opportunity and consulting services, 
and social networks for people like us. Ultimately, if senior 
scientists partner with the younger generation while also 
leaving them room to develop their own careers, it could 
benefit us all. & 


Roc Ordman is a professor emeritus of chemistry and 
biochemistry at Beloit College in Wisconsin. For more on 
life and careers, visit sciencecareers.org. Send your story 
to SciCareerEditor @aaas.org. 
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